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Watch, imagine, and perform? The effect of motor simulation interventions 
on sensorimotor task performance 
Abstract 
The effect that motor simulation (MS) conditions like motor imagery (MI) and action observation 
(AO) can have on sensorimotor task performance has garnered significant research interest over the 
past fifty years. Recently, attention has turned towards the combined effects of MI during AO 
(AO+MI) on task performance. Despite recent behavioural evidence highlighting that engaging in 
AO+MI may provide greater performance benefits than engaging with either condition alone, existing 
models in the MS literature fail to consider the entire spectrum of MS conditions. In chapter two of 
this thesis, a new conceptual model, The Motor Simulation and Performance Model (MSPM), is 
presented. The MSPM describes the predicted performance improvements associated with various MS 
interventions across expertise levels. Chapter three provides an overview of the general methods 
employed throughout the experimental work presented in this document. Chapter four acts as a pilot 
study which demonstrates that skilled golfers who demonstrate high levels of kinaesthetic imagery 
ability preferentially benefit from a brief AO+MI intervention. Chapter five comprises of a large scale 
(n=144) experimental study where participants were categorised as high skilled or low skilled putters 
based on their putting kinematic consistency scores. Participants were assigned to one of five 
conditions, AO, MI, static AO+MI, dynamic AO+MI, or a reading control condition. Results suggest 
that highly skilled putters benefit from AO+MI, and MI conditions, while low skilled putters did not. 
Chapter six demonstrates that AO+MI can be used as an effective adjunct to physical practice in a 
skilled golf putting task. Chapter seven represents a stage two registered report in which two 
implementations, self-modelled, and peer-skilled-modelled are compared to one another, results 
suggest that self-modelled implementations may be more effective on kinematic measures of 
performance which are easily observable. Collectively, the findings in the current thesis demonstrate 
that skilled performers be most able to benefit from AO+MI, and MI conditions. 
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Action Observation + Motor Imagery 
 





The internal representation of action in the absence of overt 
movement (Jeannerod, 2001). 
 
Hypothesis suggesting that, at the cortical level, simulation 
states should involve the same neural mechanisms as those 
involved during action execution (Jeannerod, 2001; O’ Shea & 
Moran, 2017) 
 
Imagining the execution of an action without physically 
executing it (Hardwick, Caspers, Eickhoff, & Swinnon, 2018) 
 
Deliberate and structured observation of successful movement 
execution (Neuman & Gray, 2013) performed by others or the 
self. 
 
The use of motor imagery during action observation 
 
The use of motor imagery during action observation while 
also mimicking physical execution 
 
Structure of basic action concepts whose organisation in long 
term memory allows for the production of complex actions 























1.1 Outline of the introduction 
The following sections describe motor simulation (MS) as it is understood in the context of 
motor performance. Firstly, a description of the composite processes that are categorised as MS will 
be provided, with reference to motor imagery (MI), action observation (AO) and their combined 
implementation (AO+MI). Next, a short explanation of the proposed cognitive mechanisms in which 
MS is rooted will be presented, in which the theoretical basis for much of our understanding of MS 
will be explored. Finally, the aims and outlines of the thesis chapters will be provided. 
1.2 Motor Simulation, Motor Imagery and Action Observation. 
 MS refers to the internal representation of action in the absence of overt movement 
(Jeannerod, 2001). MS, as a method of performance enhancement in the absence of physical practice, 
is implicitly appealing because of its potential applications in sport, performance, and rehabilitation 
settings. MS has been an area of interest in psychological science as far back as 1880 when Francis 
Galton discussed different degrees of vividness in MI experiences in an essay titled ‘Statistics of 
Mental Imagery’ in Mind: A Quarterly Review of Psychology and Philosophy. Since then, MS 
processes have been studied by numerous fields of research, including behavioural psychology, 
neurophysiology, sport science, and neuromuscular rehabilitation. 
Typically, MS is examined through the lens of MI or AO. MI refers to imagining the 
execution of an action without physically executing it (Hardwick, Caspers, Eickhoff, & Swinnon, 
2018). AO is defined as the deliberate and structured observation of successful movement execution 
(Neuman & Gray, 2013) performed by others or the self. Recently, there has been an increased 
emphasis on the combined application of AO+MI (Eaves, Riach, Holmes, & Wright, 2016) with 
emerging evidence suggesting it may provide additional behavioural effects, as well as produce 
psychophysiological activation over and above MI or AO alone (Eaves et al., 2016; Romano-Smith, 
Wood, Wright, & Wakefield, 2018; Wright et al, 2019).  
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1.3 Simulation Theory and the Functional Equivalence Hypothesis. 
 The most prevalent proposed mechanism for MS effects is derived from simulation theory 
(later referred to as motor simulation theory) and, more specifically, the functional equivalence (FE) 
hypothesis (Jeannerod, 1997; 2001). The FE hypothesis suggests that, at the cortical level, the same 
neural mechanisms are involved during engagement with MS interventions as during action 
execution (Jeannerod, 2001; O’ Shea & Moran, 2017). Exploring simulation theory further, 
Jeannerod (2001) also suggests that overt actions (those that are physically executed) require a 
corresponding covert action containing a representation of the future overt action. This concept 
represents an action continuum whereby overt actions are always preceded by covert action and 
covert actions do not necessarily result in physical action. Jeannerod (2001) represents covert actions 
as actions that are never physically executed, explaining shared cortical activation between covert 
action states (MI, AO) and overt action states (physical execution).  
Evidence for simulation theory primarily stems from research examining the 
neurophysiological correlates associated with simulation, and other related motor states. Some of the 
most compelling evidence in support of MST comes from studies that compare the underlying 
neurophysiology of simulation states and physically executed actions. An activation likelihood 
estimation (ALE) meta-analysis performed by Hetu et al. (2013) has demonstrated that MI 
consistently recruits a large fronto-parietal network in addition to subcortical and cerebellar regions. 
An ALE meta-analysis is a coordinate-based meta-analysis of neuro images which determines the 
convergence of points of interest reported across multiple experiments (Eickoff et al., 2011). The 
activation of fronto-parietal regions is of importance given the parietal cortex’s role as a focal point 
for sensory integration (O’ Shea & Moran, 2012) and its subregions projecting to various motor 
execution related brain areas including the premotor and motor cortex. (Fogassi &Luppino, 2005). 
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 Beyond research showing similar cortical activation between overt action and covert action 
represented during simulation states, additional work has demonstrated motor simulation to 
correspond with execution states on multiple psychophysiological indices.  Actual and simulated 
movements have been demonstrated to correlate on peripheral physiological measures, such as skin 
resistance (Guillot et al., 2004; Guillot et al., 2007), cardiovascular and respiratory rates (Guillot, 
Haguenauer, Dittmar, & Collet, 2005; Brown et al., 2013), eye blinking activity (Papedelis et al., 
2007), and electromyography (EMG) activity (Guillot et al., 2007). Recently, studies examining 
cortico-spinal excitability as a measure of AO-initiated changes in the motor system have 
demonstrated effects suggesting that merely observing a movement being performed increases the 
amplitude of efferent motor evoke potentials of the motor system compared to control conditions 
(See Naish, Houston-Price, Bremner, & Holmes, 2014 for a comprehensive review).   
 In addition to the physiological evidence suggesting that simulation states exert an influence 
on the motor system, behavioural evidence demonstrating the positive effect of mental practice 
through MI or AO on motor skill performance has been established in cognitive and performance 
psychology domains over the past four decades. A catalyst for much of the recent renewed interest in 
the behavioural effects produced through engaging in MI or AO is the meta-analysis by Driskell, 
Copper, and Moran (1994) who showed across 35 included studies that engaging with MI produces a 
significant, moderate effect on performance (r=.255). Recently, a meta-analysis examining MI’s 
effect on performance over past twenty-five years conducted by our own lab group (Toth, McNeill, 
Hayes, Moran, & Campbell, 2020) replicated and updated the findings of Driskell et al. (1994), 
highlighting that MI has a small but significant positive effect on performance (r =0.131). 
Conversely, Ashford et al. (2006) conducted a meta-analysis on the effects of AO on performance, 
suggesting that AO paradigms facilitate performance improvements to a significantly greater extent 
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than control conditions. The large body of behavioural evidence underlying simulation states will be 
explored in further detail in the literature review chapter 2.  
Given the recent shift in research focus toward examining AO+MI states it can be considered 
problematic that the current literature has yet to outline a cohesive conceptual model that accounts 
for the entire spectrum of MS conditions. Shared concepts can sometimes seem to be unclear or 
disjointed because of the historical separation of research into AO and MI states individually. As we 
have stated, there is a large body of research evidence examining both AO and MI individually, 
however recent evidence suggests that there is significant scope to further understand the effects of 
combined AO+MI states rather than focusing exclusively on AO or MI. Specifically, pertinent 
questions remain regarding how potentially important factors such as expertise influence the 
effectiveness of MS conditions. 
1.4 Aims and Hypotheses of the Thesis 
The aims of the current thesis are as follows: 
1. To review the current literature pertaining to simulation states/motor simulation states, their 
uses and effectiveness at enhancing motor skill performance. This thesis focuses specifically 
on acute performance effects, rather than on skill learning or permanent changes in 
performance. 
2. To propose a conceptual model based on that literature which incorporates AO+MI as well as 
considering how expertise may influence the effectiveness of an MS intervention. Then test 
the assumptions of this new conceptual model (see Chapter 2) experimentally utilising golf 
putting as an exemplar motor skill, employing a sufficiently representative sample ranging 
from least skilled to most skilled performers. 
3. To further the current understanding of the effectiveness of AO+MI interventions on 
performance relative to other simulation states.  
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4. To explore whether the effectiveness of a motor simulation condition is moderated by the 
expertise of the individual. Specifically, whether highly skilled individuals are better able to 
benefit from engaging in motor simulation than their less skilled counterparts. 
 
1.5 Outline of the Thesis Chapters 
Chapter two outlines a review of the literature and presents a new conceptual model (The 
Motor Simulation and Performance Model; The MSPM) which presents evidence based hypotheses 
regarding the relative sensorimotor performance improvements expected for least skilled, skilled, 
and most skilled performers when engaging with various motor simulation interventions. An 
extensive review of the literature was conducted, with a particular focus on establishing the role that 
expertise has on the effectiveness of simulation states to improve motor skill performance. It was 
quickly apparent that that there has been an over proliferation of experimental designs employing 
novice samples with the existing literature. In addition, we outline we outline other, related factors 
such as sensory feedback, imagery ability, and memory which may also moderate the effectiveness 
of MS interventions. With this in mind, we set out with a goal of proposing a set of testable 
hypotheses relating to specific relationships between simulation states, the individuals engaging in 
them, and their subsequent motor skill performance. We contend that the expected effectiveness of a 
motor simulation must be considered in the context of the domain-specific expertise of the 
performer. Specifically, we suggest that as expertise increases, performers will more readily benefit 
from MI processes. We also suggest that for performers in the early stages of learning that AO may 
be more effective.  
Chapter three outlines and reviews the general methods used during the experiments 
conducted as part of this thesis. These include the experimental methods, psychometric tests used to 
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measure MI ability, tools for measuring kinematic variables, and equations for calculating distance 
error.  
Chapter four contains a pilot study in which 44 golfers were assigned to either an AO+MI 
intervention group or control group when completing a golf putting task. Our goal was to replicate 
the emerging behavioural evidence suggesting that AO+MI could augment motor skill performance. 
We demonstrated that participants who demonstrated high levels of self-reported kinaesthetic 
imagery ability benefited from a brief AO+MI intervention.  
Chapter five presents a large scale (n=144) study in which participants that varied in golfing 
expertise were assigned to one of 5 experimental groups (MI, AO, static AO+MI, dynamic AO+MI, 
control) when completing a golf putting task. This study examined some of the hypotheses outlined 
in the MSPM by measuring the effectiveness of motor simulation interventions across different 
levels of expertise. Our results demonstrated that highly skilled performers are better positioned to 
benefit from MI and AO+MI paradigms, demonstrating initial support for the tenets of the MSPM.  
Chapter six compares a physical practice intervention, to an AO+MI + physical practice 
intervention to test the assumption that AO+MI can be used as an effective adjunct to physical 
practice. Our findings demonstrate that AO+MI+PP paradigms represent the most effective 
implementation for enhancing motor skill performance in skilled performers. 
Chapter seven presents a stage 2 registered report which directly compares two different 
implementations of AO+MI, self-modelled AO+MI (N=28) and skilled peer-modelled AO+MI 
(N=28). This study was designed to determine whether presenting oneself or a skilled expert within 
the AO component of AO+MI would be more beneficial to enhancing performance. Our results 
demonstrated no difference between the two groups on measures of golf putting accuracy or 
precision. However, participants in the self-modelled group performed significantly better than the 
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peer-skilled model group at the post test on a kinematic measure of performance (club path). These 
initial findings suggest that factors related to the goal of intervention and the context of the task 
should be considered during the implementation of AO+MI conditions.  
Finally, chapter eight concludes the thesis with a general discussion. The discussion places 
the work contained in the current thesis within the context of the existing body of literature 
underlying motor simulation. It also demonstrates the significant contribution of this work to the 
existing literature by demonstrating that expertise is an vital factor to consider in the implementation 
of MS states, and that MI, and AO+MI conditions appear to be particularly effective at enhancing 
performance in individuals who have existing skill in the imagined task. This was achieved by taking 
the current understanding of the expected effects of simulation states, generating a set of testable 
hypotheses through the MSPM, and then testing those hypotheses experimentally across a large 
sample of performers of varying skill levels. These contributions are also timely, as the 
contemporary research emphasis has begun to consider the combined applications of AO+MI, in 
comparison to, and instead of AO or MI conditions alone. These contributions place the work 
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The current chapter represents a narrative literature review and presents a new conceptual 
model for the expected performance benefits from engaging with various MS conditions among 
progressively higher levels of domain-specific expertise. Motor learning and performance is an area 
of significant interest, garnering attention from researchers investigating how individuals perform in 
athletic (Wulf & Su, 2007; Schmidt, 1975), surgical (Moulton et al., 2006), and rehabilitation 
contexts (Krakeur, 2006). Traditionally, it is well established that the motor system benefits from 
task repetition, in the form of physical practice, where over many iterations, the neural variability 
associated with task performance is better controlled for (e.g., Debarnot, Sperduti, Di Rienzo, & 
Guillot, 2014). However, there are many instances where physical practice of a task is not possible, 
such as during injury, or when resources allowing for task performance are scarce or unavailable. 
Therefore, research in the areas of psychology and cognitive neuroscience has focused on the ways 
in which tasks can be practiced, and performance improved, without the need to physically execute 
the task. One of the most important findings of this research is that motor simulation (MS) can be 
adopted to enhance performance in the absence of physical practice (Driskell, Copper, & Moran, 
1994; Feltz & Landers, 1983). MS refers to processes which engage the motor system in the absence 
of physical movement execution. They have continued to be integral topics within the areas of 
cognitive psychology, cognitive neuroscience, and performance psychology.   
 In addition to examining the role of MS processes for motor learning and performance in 
cases where physical practice is not possible or prudent, the nature of MS interventions allows them 
to be used effectively as an adjunct or in combination with physical practice (Eaves, Riach, Holmes, 
& Wright, 2016). The purpose of the current chapter is to introduce a new conceptual model which 
describes the effects of MS interventions across skill levels. Existing models PETTLEP (Holmes & 
Collins, 2001); MIIMS (Guillot & Collet, 2008); RAMDIU (Cumming & Williams, 2011) in the 
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motor simulation literature have focused predominately on motor imagery (MI) and its role in 
enhancing performance. This focus has been in line with the historical interest and research focus 
within the motor simulation literature. Action observation has also been demonstrated to be an 
effective method of enhancing motor learning (Ste-Marie et al., 2012; Gatti et al., 2013; Hodges, 
2017). 
  Recently, a shift in emphasis has occurred, where the combined efficacy of MI and AO are 
being examined together rather than examining either in isolation (Eaves et al., 2016). This shift in 
research focus, to incorporate AO and combined AO+MI as part of a spectrum of MS interventions 
that are a) useful and beneficial for enhancing performance (Romano-Smith, Wood, Wright, & 
Wakefield, 2018; Romano-Smith, Wood, Coyles, Roberts, & Wakefield, 2019), and b) may readily 
complement physical practice (Eaves et al. 2016), highlights that models which consider MI or AO 
alone do not account for the entirety of MS intervention’s usefulness. To address this significant gap 
in the literature, the current chapter proposes a conceptual model which characterises the effects of 
MS interventions both independently and combined and highlights the factors which can impact the 
potency of an MS intervention.  
Two predominant MS processes that have received noteworthy attention to date are motor 
imagery and action observation. MI is commonly defined as the internal generation of visual and 
kinaesthetic features of a movement or skill (Eaves et al., 2016) and has been previously described 
by a variety of terms including ‘mental practice’ (Driskell, Copper, & Moran, 1994), ‘imaginary 
practice’ (Perry, 1939), and ‘visual motor behaviour rehearsal’ (Suinn, 1984). Unlike MI, which 
relies on internally generated images based on information stored in long-term memory, (Kim, Frank 
& Schack, 2017), AO is a “perceptually driven cognitive process that is externally guided by an 
external stimulus, such as a live demonstration or recorded video” (Kim et al., 2017, p.2).  
2.2 Evidence for the Benefits of MI and AO 
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MI has consistently been shown to enhance various mental processes such as attentional 
control (Calmels, Berthoumieux & d’Arripe-Longueville, 2004), confidence (Callow, Hardy & Hall, 
2001; Callow & Hardy, 2001; Callow & Waters, 2005), resistance to choking (Bell & Thompson, 
2007), and self-efficacy (Beauchamp, Gray & Albinson, 2002),  in addition to its influence on motor 
skill acquisition (Taktek, 2004) and performance (Driskell, Copper & Moran, 1994). For example, 
Smith, Wright, and Cantwell (2008) demonstrated a significant, positive effect of a MI intervention 
on golf bunker shot performance in a sample of 32 participants. Smith and Holmes (2004) 
specifically demonstrated that imagery groups improved their performance more, relative to controls 
when their imagery interventions were delivered via audio or video mediums compared to when a 
written imagery script was used, highlighting the importance of imagery intervention delivery 
methods. Schuster et al. (2011) performed a review of MI literature to identify the characteristics of a 
successful MI training session in sport, education, music, psychology, and medicine settings, 
suggesting that successful interventions should be individualised, supervised, and non-directed 
sessions.   
 Furthermore, Guillot et al. (2015) showed that MI helps to direct attention and facilitate 
performance such that participants who implemented MI could attenuate the decrease of tennis shot 
accuracy usually associated with high intensity training sessions. When considering MI’s effect on 
performance in conjunction with physical practice (PP), Wright and Smith (2009) showed that 
imagery enhanced strength performance on a bicep curl task when compared to a control group, 
while the combination of imagery with physical practice was significantly more effective than 
imagery alone. Marshall and Wright (2016) demonstrated that combining MI+PP was significantly 
more effective at enhancing performance in a golf putting task than a reading + PP intervention. The 
argument for the effect of MI on performance is supported by earlier meta-analytic findings of 
Driskell et al. (1994) who demonstrated across 35 studies representing the behaviour of over 3000 
participants, that MI does exert a moderate positive effect on performance (r=.255).  
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Although less research has investigated the efficacy of AO for augmenting performance compared to 
MI, promising evidence exists for the benefits of AO. For example, AO has been successfully shown 
to improve motor control in Parkinson’s disease patients (Pelosin et al., 2010) as well as children 
with cerebral palsy (Buccino et al., 2012) when compared to age and cognitively matched controls. 
Moreover, Kim, Frank and Schack (2017) found that AO improved putting performance by 
approximately 33% in a sample of 20 young healthy adults, demonstrating the potential effectiveness 
of AO in an athletic context as well.  
 Further to this, Ashford, Bennett, and Davids (2006) performed a meta-analysis on 
observational modelling effects of movement dynamics and movement outcomes across different 
task constraints. Observation was shown to be most effective for serial tasks (a series of discrete 
tasks (e.g. dance sequence), with slightly reduced effects for continuous (e.g. running), and discrete 
tasks (e.g. dart throw). The magnitude of the benefits associated with AO were also greater in 
measures of movement dynamics than movement outcomes, suggesting that AO may be particularly 
beneficial for motor skill learning in early stages of acquisition. 
 Additionally, Hodges (2017) reviewed the current state of AO in the context of theoretical 
and behavioural research conducted in the domain over two decades. Hodges cited experimental 
work like that carried out by Buchanan and Dean (2010; 2014) suggesting observation supports 
motor skill learning in a bimanual circle tracing task, in describing the positive effect of AO on 
motor skill learning and performance. For detailed reviews of AO literature see Hodges, Williams, 
Hayes, & Breslin, 2007 and Zentgraf, Munzert, Bischoff, & Newman-Norlund, 2011. 
 When directly compared, evidence for the neurophysiological and behavioural effects 
associated with AO and MI has been mixed. Helm et al. (2015) demonstrated that corticospinal 
excitability in M1 during MI and AO is impacted by perceived task effort, where MEP amplitudes 
were significantly higher in a high effort imagery group (but not in a low effort imagery group) when 
compared to an observation group. Gonzalez-Rosa et al. (2015) demonstrated using EEG and 
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kinematics during a four-limb hand-foot coordination task that AO showed a more efficient 
activation of cortical resources as well as significantly better performance on the task than the MI 
group, suggesting that AO may be more effective than MI at facilitating the learning and 
performance of complex motor tasks. 
Despite the existing evidence that performance can benefit from both MI and AO, the 
proposed mechanisms through which MI and AO exert their influence are of particular relevance. It 
has been shown that AO evokes motor resonance in the observer (Caspers, Zilles, Laird, & Eickhoff, 
2010). Resonance is an analogy used to describe “the activation of the motor system during action 
observation” (Uithol, van Rooij, Bekkering & Haselager, 2011, p. 389). Aglioti, Cesari, Romani and 
Urgesi (2008) used transcranial magnetic stimulation (TMS) to show larger motor-evoked potentials 
during the observation of basketball shots by expert compared to novice basketball players, 
providing evidence not only for the existence of motor resonance, but that the phenomenon may be 
expertise dependent. This motor resonance is proposed to help explain the mirror mechanism which 
transforms the sensory representations of observed actions into motor representations of the observed 
behaviour in the brain of the observer (Rizzolatti & Sinigaglia, 2010). Specifically, the parieto-
frontal action observation-action execution circuit, as Rizzolati and Sinigaglia refer to it, serves as a 
mechanism which supports mirror-based understanding, or the capacity for an individual to interpret 
and understand the actions of others (as is explicitly necessary during AO). Recently, Hickok (2013) 
has argued that mirror neurons specifically are not the basis for action understanding, and that action 
understanding is facilitated by perceptual rather than motor processes. In this explanation, mirror 
neurons serve to code relations between perceived actions and possible action responses on the part 




2.3 Motor Simulation Theory and Functional Equivalence: Understanding the 
neurophysiological mechanisms underlying motor simulation. 
Much of the existing understanding surrounding MS is contextualised through the hypothesis 
of functional equivalence (FE), derived by Jeannerod (1994, 1995, 1997, 2001, 2004).  The FE 
hypothesis poses that related neurophysiological mechanisms are present both during physically 
executed actions and observed, or imagined actions (Jeannerod, 1994, 1995, 1997; Rizolatti, Fadiga, 
Gallese & Fogassi, 1996). The implication of this hypothesis is that MI and AO may activate many 
of the same neurophysiological mechanisms as physical execution even though the overt, associated 
movement is inhibited (Jeannerod, 2004, 2006a; O’Shea & Moran, 2017). The influence of FE on 
our understanding of the mechanisms behind MS processes has led to its implementation as a central 
tenet in O’Shea and Moran’s (2017) description of motor simulation theory (MST). O’Shea and 
Moran state that MST describes ‘how various action-related cognitive states including motor 
imagery, action intention and observation relate to actual motor execution states’ (p. 1).  
Much of the support for MST and the FE hypothesis originates from brain imaging studies 
demonstrating a number of brain regions that share similar activation patterns during both the MI and 
motor execution (ME) of the same action. These brain regions include the premotor cortex (Munzert, 
Lorey & Zengraf, 2009) and prefrontal cortex (Hétu et al., 2013), as well as the supplementary motor 
area, cerebellum, and basal ganglia (Moran, Campbell, Holmes & MacIntyre, 2012). Premotor cortex 
activation supports the assumption that performing MI in particular requires a preparation or 
planning phase, much like those required for motor execution (Hétu et al., 2013) while activation in 
the basal ganglia is linked with the selection of appropriate motor programmes during motor 
execution (Hétu et al., 2013;  Grillner, Hellgren, Menard, Saitoh, & Wikstrom, 2005) . For more 
detail on the regional neural activation during simulation, see O’Shea and Moran (2017, p. 5) and see 
also Di Rienzo et al. (2016) for a comprehensive review of behavioural and neuroimaging studies in 
motor imagery. Neuroimaging studies which have incorporated both AO+MI have also demonstrated 
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increased activations in areas of the brain normally present during MI or AO alone (Macuga & Frey, 
2012, Villiger et al., 2013). This adds to existing evidence suggesting a neural overlap between MI, 
AO and ME (Vogt, Di Rienzo, Collet, Collet & Guillot, 2013) and suggests a potential added benefit 
for implementing MI and AO concurrently. 
Importantly, seminal meta-analytic evidence has emerged suggesting that the shared 
networks associated with MI, AO, and ME may be fewer than previously suggested. Hardwick, 
Caspers, Eickhoff, and Swinnen (2018) performed an ALE meta-analyses of over 1000 experiments 
to identify individual task networks involved in MI, AO, and ME before assessing convergence and 
divergence of these individual networks. Hardwick et al. (2018) identify consistent premotor, 
parietal, and somatosensory networks that are recruited across MI, AO, and ME. However, when 
conjunction and then volume comparison analysis were carried out of MI, AO, and ME consistent 
recruitment across all three tasks were confined to the premotor and rostral parietal cortices, while 
less than half of the network for ME was also involved in MI and AO.  
2.4 The Motor-Cognitive Model: An alternative explanation 
A strict interpretation of Jeannerod’s (2001) original thesis outlining FE as a concept would 
result in the assertion that simulated actions are actions apart from the fact that they are not 
physically executed. This assertion can lead to the interpretation that the cognitive processes 
underlying imagined actions are the same as those underlying overt action. In essence, this 
interpretation states that MS essentially consists of an internal execution of a mental representation in 
the absence of executed overt action. There is now an emerging alternative explanation of the 
cognitive mechanism supporting MS processes. The Motor-Cognitive Model of Motor Imagery 
(MCM) (Glover & Baran, 2017) suggests that during planning, both motor imagery and physically 
executed actions share motor representations. However, in a key distinction when compared to FE, 
MCM suggests that during execution, simulated action and physically performed action are subjected 
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to different mental processes. Specifically, the MCM postulates that physical execution relies on 
visual and proprioceptive processes to provide feedback on the success of execution and allow for 
monitoring and correction to occur on an ongoing basis. The MCM would suggest that the process of 
physical producing a movement is occurring on a quasi ‘automatic’ basis. The unconscious nature of 
this process inherently suggests that there is few, if any executive resources required while this 
monitoring and correction occurs.  These processes are not available during MI due to the lack of 
physical movement. In contrast, MI relies on conscious monitoring through executive processes, like 
attentional control, inhibitory control, and working memory processes.  
 There is newfound evidence in support of MCM view of the mechanisms underlying MI. 
Recently, Glover and Baran (2020) demonstrated across three experiments that interfering with 
executive processing preferentially degraded the imagined execution time of a ‘grasp and place’ task 
when compared to execution time for physical execution of the same task. In experiment one, 
performing a calculation task concurrently to either imagined or physical execution led to greater 
lengthening of time to completion of MI execution when compared to physical execution. In 
experiment two, the effect of different types of executive interference on time to completion of the 
same ‘grasp and place’ task was measured. Two different types of interference were used; the first 
interference task was a high load calculation task; the second interference task was a low load 
number repetition task. The high load interference task led to greater delay in time to execution in the 
MI when compared to the low load condition, while both interference tasks had much smaller effects 
on physical execution. In experiment three, a word generation task also interfered more with MI time 
to completion than with physical execution. Overall, the MCM can be used to explain some of the 
inconsistencies in neural correlates between MI and physical execution that have been demonstrated 
in previous literature (e.g., Hardwick et al. 2018; Hetu et al., 2013), providing important added value 
when considered in conjunction with the tenets of the FE hypothesis. While additional experimental 
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research is clearly required, the MCM offers a thought provoking and furtive alternative to the FE 
hypothesis and warrants further research. 
2. 5 Combined Action Observation and Motor Imagery: An emerging paradigm. 
The potential benefits of independently employing AO and MI to augment performance have 
been previously outlined. However, less research has outlined the potential of concurrently 
employing AO and MI to augment performance (Vogt et al., 2013). Recent experimental studies 
have demonstrated that incorporating an AO+MI intervention can significantly augment performance 
in young healthy adults in an aiming task (Romano-Smith et al., 2018; Romano-Smith et al., 2019) 
and a hamstring strength task (Scott, Taylor, Chesterton, Vogt, & Eaves, 2018) and in stroke patients 
engaging in conventional rehabilitation i.e. placing the affected limb in a premeditated position to 
overcome spasticity (Sun et al., 2016).  For example, in one of the earliest pieces of experimental 
work to incorporate AO+MI, Smith and Holmes (2004) demonstrated that performance 
improvements associated with an AO+MI intervention were significantly greater than those 
associated with MI alone when performing a golf putting task.  
More recently, Scott et al. (2018) demonstrated that performance in a Nordic hamstring 
strength task where participants resist  a fall forward from a kneeling position for as long as possible, 
significantly increased after an AO+MI intervention but not after MI. Romano-Smith et al. (2018) 
demonstrated that participants in a simultaneous AO+MI group, where participants engaged in AO 
and MI at the same time, improved their dart throwing task performance significantly more 
compared to participants in either MI alone, AO alone, or a control group. The study also included a 
separate, alternate AO+MI group in which participants observed a video and then subsequently used 
MI. Participants in this group improved their performance significantly more than the AO alone and 




Finally, Romano-Smith et al. (2019) partially replicated the performance effects on a similar 
dart throwing task of their previous study, demonstrating that an alternate AO+MI group improved to 
a significantly greater degree than an AO group, MI group, or a control group. They also highlight 
EMG data suggesting that mean EMG activity at the point of release of the dart in both AO+MI 
groups significantly decreased to a greater degree than the control group. The authors suggest this 
decrease in EMG activity is associated increased movement efficiency. 
The mechanism through which AO+MI exerts its effect has yet to be fully 
understood/described in the current literature. However, potential mechanisms have been posited. 
The first potential mechanism for AO+MI purports that a dual-action simulation (DAS) occurs 
during AO+MI, where both the kinaesthetic and visual representations are maintained in parallel, 
suggesting that the simulations associated with AO and MI could be held simultaneously (Vogt et al, 
2013; Eaves et al, 2016). These simultaneously held representations could then either merge or 
compete depending on their suitability for action planning. Recent evidence supporting the DAS 
hypothesis is provided by Bruton et al. (2020), who used a finger abduction task to demonstrate that 
congruent AO+MI (observing and imagining the same task), and coordinative AO+MI (observing a 
task while imagining a related task) facilitated corticospinal excitability in the concurrent muscles, 
whereas a conflicting AO+MI (observing a task and imagining an unrelated task) condition did not. 
Moreover, in the coordinative AO+MI group, MEP amplitude was facilitated in the muscles 
associated with both the observed and imagined tasks when compared to the control group, 
suggesting that it is possible AO and MI processes are represented simultaneously at the cortical 
level. 
The second potential mechanism suggests that during AO+MI, AO acts as a ‘guide’ where 
the need to generate a visual stimulus during MI is de-prioritised via the delivery of AO. Eaves et al. 
(2016) suggest that this frees up cognitive resources allowing a participant to attend to the 
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kinaesthetic aspects of performance. Recently, this potential mechanism has been expanded upon. 
The ‘visual guidance hypothesis’ (Meers, Nuttall, & Vogt, 2020) suggests that when the AO 
component of AO+MI is task relevant, that AO may be used as guide for MI rather than a separate 
representation. Across all three experimental conditions (pure AO, congruent AO+MI, and 
incongruent AO+MI) Meers et al. (2020) demonstrated that pure AO condition did not generate MEP 
amplitudes beyond baseline, that the AO component in incongruent AO+MI also did not differ from 
baseline, and that cortico-spinal excitability was not enhanced by AO in the congruent condition. 
However, MI related MEP amplitudes were significantly larger during AO+MI conditions compared 
to pure AO and baseline conditions further strengthen the suggestion that CSE during AO+MI is a 
driven by MI and that AO may act as a guide for MI during AO+MI. While both of these 
mechanisms seem to have value and some initial support, further research is necessary to parse out 
the precise mechanisms of how AO+MI exerts its effects. 
Given that AO and MI appear to be governed by similar neural processes and that their 
combination shows promise as an effective intervention, the utilisation of AO+MI in all areas of 
motor skill performance and rehabilitation, we believe AO+MI to be a fruitful avenue of research 
with important implications for performance psychology and one which we think deserves a guiding 
framework such as we are aiming to do in this chapter.  
2. 6 Implementation of Motor Simulation Interventions: Scripts and Models 
Given the previously outlined performance benefits associated with MS interventions in a number of 
contexts, it stands to reason that researchers, clinicians and coaches may benefit from a standardized 
methodology for when and how to administer these MS interventions. Currently, guided imagery 
interventions are generally delivered via the use of an imagery script (Cumming et al., 2017). 
Imagery scripts are “pre-planned descriptions of imagery scenarios, developed with the desired 
outcome of the imagery use in mind” (Cooley, Williams, Burns & Cumming, 2013, p. 2) and 
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facilitate the imager in generating appropriate images while preventing conflicting, negative, or 
irrelevant images. Imagery scripts are generally delivered via written scripts (Smith & Holmes, 
2004), read by participants or read aloud, audio recorded scripts, or a choice between written/audio 
scripts (Cooley et al., 2013). Despite significant variation in the quality of the script’s design, thus 
affecting its ability to facilitate the generation of the relevant images by participants, the use of these 
scripts continues to be the preferred method for the delivery of guided imagery interventions. For an 
extensive review regarding imagery scripts and their potential limitations, see Cooley et al. (2013), 
for an extensive review on MI implementation see Schuster et al. (2011). 
When considering the implementation of AO interventions in applied contexts, video-based 
recordings of the task to be executed are typically used. Participants are usually asked to watch 
observational videos which mimic the desired task (for an in-depth review, see Ste-Marie et al., 
2012). The perspectives through which these observational videos are shown are controlled to most 
accurately represent the observed task and it has been demonstrated that the provision of multiple 
perspectives facilitates the learning or performance effect associated with action observation 
interventions (Caggiano et al., 2011). 
  When specifically considering the implementation of MI, theoretical models exist that 
provide guidelines outlining the practical considerations (PETTLEP; Holmes & Collins, 2001), 
purported outcomes (MIIMS; Guillot & Collet, 2008), and the applied use of imagery (revised 
applied model of deliberate imagery use; RAMDIU) (Cumming & Williams, 2013), while Ste-Marie 
et al. (2012) provide the same for AO. Currently, no such models exist guiding the implementation of 
AO+MI interventions. PETTLEP refers to an acronym of seven practical considerations (Physical, 
Environment, Task, Timing, Learning, Emotion, and Perspective) that Holmes and Collins (2001) 
postulated to be integral to the efficacy of motor imagery interventions. The central premise of 
PETTLEP is that an imagery intervention should mimic, as closely as possible, the context 
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surrounding the physical execution of the imagined task or scenario, with particular emphasis on 
recreating or pre-empting associated sensations and emotional responses.  
Initially, PETTLEP was described as a ‘functional equivalence model’ (Holmes & Collins, 
2001). However, considerable attention has since been directed towards the model and its 
propositions. Wakefield, Smith, Moran, and Holmes (2013) highlight changes in the theoretical 
understanding of FE, primarily related to how FE has been defined and operationalised. When 
PETTLEP was first presented as a potential evidence-based model for the implementation of MI, FE 
was used to describe the matching of behaviours during imagery with the associated behaviours 
during physical execution, conflating shared actions and behaviours with shared neural substrates. As 
stated earlier, FE refers to related cognitive mechanisms present during physically executed actions 
and observed, or imagined actions. With this in mind, Wakefield et al. (2013) suggest that the 
mechanism for the effectiveness of PETTLEP effects are better described as behavioural matching 
rather than FE. PETTLEP has been commonly used as a template for imagery interventions in 
experimental research since its conception (See Wakefield & Smith (2012), for framework of applied 
application) and using imagery following a PETTLEP framework has been demonstrated to enhance 
performance in sport specific tasks like golf bunker shots (Smith, Wright, & Cantwell, 2008), netball 
shooting (Wakefield & Smith, 2009), hockey penalty flicks (Smith, Wright, Allsopp, & Westhead, 
2007), gymnastics turning jump (Smith et al., 2007), and soccer penalty kicks (Ramsey, Cumming, 
Edwards, Martin, Williams, & Brunning, 2010) as well as in strength performance (bicep curl) 
(Wright & Smith, 2009), nursing (blood pressure measurement and aseptic techniques) (Wright, 
Hogard, Ellis, Smith, & Kelly, 2008) and surgery (robotic urethrovesical anastomosis task) (Raison 
et al, 2018).  
Alternatively, the Motor Imagery Integrative Model in Sport (MIIMS) (Guillot & Collet, 
2008), rather than dictating the considerations for the successful implementation of an imagery 
script, highlights the purported outcomes of a successful imagery intervention. MIIMS posits four 
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main outcomes related to positive motor imagery use in sport, namely; 1) Motivation, self-
confidence and anxiety; 2) Motor learning and performance; 3) Strategies and problem solving; 4) 
Injury and rehabilitation. MIIMS suggests that to affect these outcomes a combination of MI should 
be integrated including, internal/external visual imagery, kinaesthetic, auditory, tactile, and olfactory 
imagery (Guillot & Collet, 2008). 
Finally, RAMDIU is a model that refers to nine components of applied imagery use in sport, 
dance, exercise, and rehabilitation. The stated aim of RAMDIU is to guide practitioners in choosing 
the appropriate type of imagery for particular situations (Cumming & Williams, 2013). ‘Where’, 
‘How’, ‘Who’, ‘Why’, ‘What’, ‘How’, ‘Meaning’, ‘Imagery ability’, and ‘Outcome’ are all 
considered to be central to deliberate imagery use within the model. The main contribution of 
RAMDIU as a model is that it encourages researchers and practitioners to consider the factors that 
may facilitate imagery efficacy on both individual and situational levels. Recent research has 
evaluated parts of RAMDIU and its predictions. Quinton, Cumming, Allsop, Gray, and Williams 
(2016) examined how imagery meaning and content (central components of RAMDIU) affected 
performance, anxiety, and confidence in golfers. Using a golf putting task, expert and novice 
participants were randomly assigned to either a near miss, or far miss imagery script group, where 
participants were instructed to imagine missing the target by either 20cm or 40cm. Results indicated 
that experts perceived the negative imagery (missing the target) to be significantly more unhelpful 
than novices, while the far miss group performed significantly worse, and had significantly higher 
cognitive and somatic anxiety than the near miss group. These results suggest support for RAMDIU, 
which suggests than individual and situational factors are valuable considerations when prescribing 
motor imagery interventions.  
Given that physical practice (PP) and MS processes are related and given that it is a 
composite part of our proposed model (to be outlined in detail later in this article) it is also 
worthwhile to describe an exemplar model for the implementation of physical practice. The Five-A 
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Model of Technical Refinement (Carson & Collins, 2016) suggests that PP should be implemented 
over 5 stages; Analysis, Awareness, Adjustment, (Re) Automation, and Assurance (for specific detail 
on each stage see Carson & Collins, 2016).The Five-A model provides a guide for 
researchers/practitioners to implement PP in a structured, goal-orientated fashions while crucially, 
acknowledging the risk for any change to technical execution to destabilise performance.  
2.7 A new model is needed to account for the entirety of MS interventions. 
In summary, MI, AO and PP to date all appear to augment performance to varying degrees 
across numerous tasks. The MS interventions also appear to activate similar cortical regions, 
suggesting they may be considered with PP along an action continuum. However, previous research 
has typically segregated its investigation of the effects of these motor simulation interventions on 
performance for participants of differing expertise. Recently, a shift in emphasis has occurred, where 
the combined efficacy of MI and AO has been examined (Eaves et al., 2016). This shift in research 
focus, to incorporate AO and combined AO+MI as part of a spectrum of MS interventions that are a) 
useful and beneficial for enhancing performance, and b) readily complement physical practice, 
means that current models (PETTLEP, MIIMS & RAMDIU), which have a predominant focus on 
MI, may now be limited for encompassing the recommended implementation guidelines and relative 
purported benefits of all MS interventions. To address this significant gap in the literature, the 
current article proposes a new conceptual model which characterises the effects of MS interventions 
both independently and combined, across healthy participants of varying expertise. Moreover, we 
highlight some of the key factors which may vary the performance benefit to be had from a given 
MS intervention. 
2.8 The Motor Simulation and Performance Model 
Conceptual models are models that make their point without mathematical analysis. 
However, even without either mathematics or experiment, these models may aid understanding (van 
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Leeuwen, Aerts, & Alexander, 2003). Here, we synthesize evidence from across the MS literature 
(see supplementary table 1), and describe a conceptual model which synthesizes the contributory 
effects of an MS intervention on motor skill performance across levels of expertise (The MSPM). 
The MSPM attempts to further clarify the performance-enhancing effects of MS interventions on 
their own and relative to PP. Furthermore, the model highlights the moderating factors which 
ultimately influence the efficacy of these interventions; namely imagery ability, expertise, sensory 
feedback, memory processes, and task type.  
The MSPM was designed by examining the experimental literature related to motor 
simulation interventions and generating the model based on this literature. Specifically, experimental 
literature examining the effect of MI, AO, AO+MI, PP and combined interventions for low skilled, 
skilled, and high skilled performers were compiled (see supplementary table 1). In cases where no 
relevant experimental literature is present, (as is the case with combined PP+AO in skilled 
performers) an informed appraisal was made relative to the demonstrated improvement associated 
with AO and PP individually in skilled performers. A significant challenge was that there is a wealth 
of experimental evidence in some cases (e.g., MI in novice performers) and little or no experimental 
work carried out to date in others. However, we believe that the MSPM represents a valuable 




Figure 2.1: The Motor Simulation and Performance Model (MSPM). This model represents performance changes 
associated with engaging motor simulation interventions over an optimal period of time (MI, AO, and Combined AO+MI). The centre 
points of each error bar represent levels of performance in response to the corresponding MS intervention. Overall, the low skilled 
performers (A) benefit particularly from interventions incorporating physical practice. Skilled (B) and high skilled performers (C) are 
proposed to benefit more readily from MS interventions incorporating MI than low skilled performers, with low skilled performers 
benefiting more from MS interventions incorporating AO. The bars represent the variation in performance associated with each 
intervention. Low skilled performers have the greatest variation in performance, high skilled performers the least. For the purpose of 
this model, low skilled will refer to performers with no prior experience in the context of a specific motor skill (e.g., golf), skilled 
refers to performers with a general understanding and competency with a motor skill, while high skilled refers to performers who have 
developed expertise within a skill to the point where it can performed consistently and implicitly. Green bars refer to assumptions 
where existing literature were compiled, black bars represent assumptions where informed appraisal was used. These three panels 
should not be compared to each other in terms of scale as hypothesized effects within the panels are proportional to skill level (that is 
to say we are not suggesting that low skilled performers will match performance levels of high skilled performers after PP 
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2.9 Building the model: The contribution of existing evidence towards the model 
Existing, well established evidence has demonstrated that imagery training enhances 
performance (for example, see meta-analysis by Driskell et al., 1994; meta-analysis by Feltz & 
Landers, 1983; systematic review by Di Rienzo et al., 2016). Driskell et al. (1994) as mentioned 
earlier, demonstrated a significant moderate effect for MI (r=.255) while physical practice (PP) had a 
significant, large effect on performance (r=.364). This difference between the performance 
enhancing effects from MI and PP is consistent within the experimental literature, for example, 
Cumming and Ramsay (2011), Kim, Frank, and Schack (2017) and Gentili et al. (2010) all 
demonstrated in low skilled performers that PP was significantly more effective than MI alone or a 
control for enhancing performance. In a sample of high skilled golfers, Smith et al. (2008) 
demonstrated that a combined PP+MI group significantly outperformed both PP alone and MI alone 
groups on a golf task (See Supplementary Table. 1).  We point to this evidence in depicting greater 
performance benefits associated with physical practice or physical practice in combination with a 
MS intervention above MI interventions alone (Figures 1A, B, C).  
Within the MSPM, we suggest that MS interventions incorporating MI will be more effective 
for skilled and high skilled performers than for low skilled performers. For example, Mulder, 
Zijlstra, Zijlstra, and Hochstenbach (2004) demonstrated that individuals with some experience with 
a motor task improved significantly after a MI intervention, while those who had no experience with 
the task did not. This expertise difference could be explained by research showing that MI processes 
are associated with mental representations of the imagined action (Di Rienzo et al., 2016), and that 
these mental representations are developed through extensive practice and are associated with a high 
degree of control and clarity (Land, Volchenkov, Blasing, & Schack, 2013). The evidence for 
expertise related differences in MI point towards support for the assertion that MI is more effective 
for those with previous experience with the imagined task, in further support of this suggestion we 
highlight recent evidence demonstrating significant differences in the vividness and temporal 
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congruence of imagery between elite and novice basketball players where expert’s imagery use was 
more vivid and more temporally congruent than novices (Zhang et al., 2018).  
2.10 Caveats and assumptions of the model 
To create a foundation for the MSPM, we also outline some relevant assumptions within the 
model. Firstly, the model assumes that all interventions are engaged with for an optimal period of 
time. Duration is an important consideration when practically implementing an MS intervention. 
Driskell et al. (1994) established through meta-analysis of 100 effects that the optimal duration for 
mental practice interventions is approximately 20 minutes. Additionally, Driskell et al. (1994) state 
that the longer someone engages with mental practice beyond this optimal time the lower the 
beneficial effect of mental practice on performance.  
To our best knowledge, the optimal duration of AO or AO+MI has yet to be firmly 
established in the literature. Recent experimental work such as Romano-Smith et al. (2018) have 
behaviourally matched AO to the performed task (e.g., a physical task of 30 dart throws) was 
matched with 30 observed dart throws. Other experimental research incorporating an AO 
intervention has differed in duration, for example Kim et al. (2017) had 60 observation trials as their 
intervention for a golf putting task in which the performance measure was 15 golf putts.  Given that 
the duration of an intervention is an important consideration in determining its effectiveness, the 
MSPM assumes that interventions are being applied over an ‘optimal’ period of time.  
Secondly, the model also assumes that interventions are being applied with able bodied, 
healthy individuals in the context of motor skill performance. However, it should be noted that MI 
and AO have been described as ‘cognitive tools in rehabilitation’ (Mulder, 2007) and have been 
demonstrated to facilitate rehabilitation in stroke (Sharma, Pomeroy, & Baron, 2006; Butler & Page, 
2006), and Parkinson’s disease (Tamir, Dickstein, & Huberman, 2007; Caligiore, Mustile, Spalletta, 
& Baldassarre, 2017). For example, Bek, Gowen, Vogt, Crawford, and Pooliakoff (2018) 
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demonstrated that AO+MI implementation could improve hand movement in individuals with 
Parkinson’s disease. However, there is also a consensus that certain individuals with particular 
neurological trauma may not have the capacity to use MS interventions. Jackson et al. (2001), Lotze 
and Halsband (2006) and Sirigu et al. (1996) all suggest that lesions to the parietal lobes can impair 
the generation of motor imagery (see Mulder, 2007). The parietal and ventrolateral premotor regions 
are areas that are implicated in the generation of motor imagery with good imagers demonstrating 
more activity in these areas than poor imagers (Guillot et al., 2008). The variability that exists 
between clinical patients with different neurological disorders, makes quantifying the effects of MS 
interventions in clinical populations difficult. Therefore, for the purposes of this model, we consider 
the effects of MS, PP and combined interventions in healthy individuals performing motor tasks. In 
summary, despite the fact that MS interventions can be applied to many different populations, for 
varying lengths of time and across numerous tasks, we lay the foundation of the current MSPM to 
consider the effect of MS interventions executed for an optimal duration, across motor tasks, and in 
young healthy adults. However, we encourage the development of future, alternative models that 






Table 2.1:  Table outlining literature informing assumptions made within the MSPM. * indicates no 
experimental literature available. ** There is extensive literature available in this area. The six studies chosen 




Type Expertise Studies Motor Task  Findings Notes 
MI Low 
Skilled** 
1) Frank et al.  (2014), 2) Nordin and 
Cumming (2005), 3) Short et al. (2002) 4) 
Beilock et al. (2001) 5) Glisky et al. (1996), 
6) Romano-Smith et al. (2018), 
1) Putting task) 2) Dart throwing Task 3) 
Putting task 4) Putting Task 5) 
Stabilometre task 6) Dart throwing,  
1) No significant effect for MI on performance, 2) Facilitative MI 
group did not differ in performance from control group, 3) No 
significant differences between facilitative MI group and control. 
4) No significant positive effect between positive imagery groups 
and control 5) significant positive effect for a MI group when 
compared to a control group 6) Significant improvements in dart 
throwing performance (pre-post), 
1) n= 52 2) n=75 
3) n=83 4) n=126 
5) n=42, 6) n=50, 
Skilled  1) Ramsey et al. (2010), 2) Smith et al. 
(2007) 3) Neuman and Gray (2013) 
1) Soccer penalty, 2) Hockey flick, 3) 
Baseball Task 
 1) Significant differences between MI and control group in post-
test performance. 2) MI groups performance improved 
significantly relative to control group. 3) MI group performance 
improved significantly relative to a control group. 
 1) n=52, 2) 
n=48, 3) n=48 
High 
Skilled 
Guillot et al. (2010) 1) Flexibility task 1) Significant improvement in performance in MI group for three 
separate stretching tasks when compared to control group. 
1) n=21  
AO Low 
Skilled 
Gatti et al. (2013), Kim, Frank, and Schack 
(2017), Frank, Kim, and Schack (2018), Horn, 
Williams, and Scott (2002), Romano-Smith et 
al. (2018),  
1) Novel complex motor task), 2) Putting 
task, 3) Putting task, 4) Soccer Chip 
Task, 5) Dart throwing task 
1) AO group improved significantly relative to both the MI and 
control group. 2) AO group significantly better than control group 
in the post-test, 3) No significant improvements for AO group 
from pre-test-post-test, but significant effect observed from post-
test-retention test. 4) Significant improvement in outcome 
performance from pre-post (but not compared to control) 5) No 
significant improvement in the AO group. 
1) n=45 2) n=40, 
3) n=24, 4) n=21, 
5) n=50, 
Skilled Neuman and Gray (2013)  1) Baseball Task  1) Significantly better performance in AO group compared to 
imagery and control 
 1) n=48 
High 
Skilled 





Ram et al. (2007), Taube et al. (2014), 
Romano-Smith et al. (2018) 
1) Balancing Task, 2) Balancing Task, 3) 
Dart throwing task 
1) AOMI group significantly outperformed MI alone, AO alone, 
and control groups, 2) AOMI group significantly outperformed 
control group, 3) AOMI group improved significantly compared 
to MI, AO, and control groups,  
1) n=60, 2) n=36, 
3) n=50 
Skilled * * * * 
High 
Skilled 
Smith and Holmes (2004)  1) Putting Task 1) AOMI group performed significantly better than the written 
imagery script group and control. 





 Cumming and Ramsay (2011), Kim, Frank, 
and Schack (2017), Frank et al. (2013), 
Gentili et al. (2010), Gruetzmacher et al. 
(2011) 
1) Balancing Task, 2) Putting Task, 3) 
Putting Task, 4) Arm pointing task, 5) 
Joint matching task  
1) Physical practice group improved significantly more than both 
the imagery practice and no practice groups, 2) Physical practice 
group improved significantly more than both MI and control 
group, 3) Significant improvement in performance from pre-test 
to post-test. 4) PP group improved significantly compared to MI 
and control groups.5) PP group substantially outperformed both 
AO (non-significant) and Control groups (significant). 
 1) n=78, 2) 
n=40, n=24, n=40 
Skilled Smith et al. (2007) 1) Gymnastics Task 1) Physical practice group improved most (43.93% pre-post) 
however improvement was not significantly greater than MI 
group (36.36% pre-post) 
1) n= 40  
High 
Skilled 





Frank et al. (2014), Marshall and Wright 
(2016), Frank et al. (2016)  
1) Putting Task, 2) Putting Task, 3) 
Putting Task 
1) PP+MI group was significantly more consistent than MI alone 
and the control, 2) PP+MI group improved significantly relative 
to a reading+PP group, 3) PP+MI putted significantly more 
accurately than the control group. 
1) n=52 2) n=24, 
3) 45 
Skilled  Guillot, Nadrowska, and Collet (2009), 
Olsson, Jonsson, and Nyberg (2008) 
1)  Basketball Task, 2) High Jump  1) PP+MI group improved significantly from Pre-Post-test but 
did not significantly differ from PP alone. 2) Significant 
improvement on bar clearance for PP+MI but not for PP. 
1) n= 10, 2) 24,  
High 
Skilled 
Smith et al. (2008) 1) Golf Task 1) PP+MI group performed significantly better than either MI 






Kim et al. (2011), Frank, Kim and Schack 
(2018)  
1) Putting Task, 2) Putting Task,  1) Significant improvement in performance for AO-PP group at 
both post-test and retention test. 2) PP+AO group improved 
significantly from pre-test to post test.  
1) n=60, 2) n=24  
Skilled * * * * 
High 
Skilled 






Marshall and Wright (2016) 1) Putting Task AOMI+PP group did not significantly improve relative to 
reading+PP group.  
n=24  
Skilled * * * * 
High 
Skilled 
* * * * 
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2.11 Motor Imagery within MSPM 
Research examining the efficacy of MI in low skilled populations finds contradictory 
evidence, with some studies suggesting potentially beneficial effects, while others demonstrate no 
significant effects. For example Frank et al. (2014), Short et al. (2002), and Beilock et al. (2001) all 
demonstrated that MI had no significant positive effect on golf putting performance, while Nordin 
and Cumming (2005) demonstrated that an MI group did not differ in performance compared to a 
control group for a dart throwing task. Contrary to these findings, Glisky et al. (1996) found a 
significant positive effect for a MI group when compared to a control group on a stabilometre task. 
Recently, Romano-Smith et al. (2018) demonstrated significant improvements in dart throwing 
performance for an MI intervention with novice darts players when compared to a control group, 
however in this case the combination of AO+MI was more effective than MI alone. Based on the 
evidence cited here, MI’s efficacy in low skilled performers is relatively inconclusive. The likely 
explanation for this is that novice performers lack the necessary experience with the motor skill to be 
imaged to be able to generate an accurate mental representation, and ultimately, image of the action.  
Existing evidence suggests that MI may be more suitable for skilled or most skilled performers in a 
specific motor skill. Existing research such as, Ramsey et al. (2010), Smith et al. (2007), and 
Neuman and Gray (2013) all demonstrated significant positive effects in skilled performers for MI 
training groups in comparison to control groups in soccer penalty, hockey flick, and baseball batting 
tasks respectively (See supplementary table. 1).  
 Guillot, Tolleron, and Collet (2010) showed using high skilled or expert synchronised 
swimmers that an MI intervention significantly enhanced performance on three separate flexibility 
tasks when compared to a control group. These skilled performers have, unlike their low skilled 
counterparts, developed detailed mental representations of their task-specific motor skills. With these 
representations developed, the performer has the ability to recall and evoke these through MI to be 
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used in a performance enhancing context, for example, the soccer penalty taker using MI to prepare 
in advance of having to take a penalty in an important game.  
In addition to this, Kreutner et al. (2018) demonstrated using magneto encephalography 
(MEG) and electroencephalography (EEG) analysis that there are differences in both overall brain 
activation and the number of brain regions recruited during MI when comparing expert and novice 
performers.  Novices recruit additional brain regions across both hemispheres when compared to 
experts reflecting a disorganised network of activation, as has been postulated in previous literature 
(e.g. Milton, Solodkin, Hluatik, & Small, 2007). 
 
2.12 Action Observation within the MSPM 
In the case of AO there is evidence to suggest that the performance enhancing effects 
associated with engaging with an AO intervention are particularly evident in low skilled performers. 
Gatti et al. (2013) demonstrated in a novel, complex motor task, that AO significantly enhanced 
performance compared to a control group, and more interestingly, than a MI group. Further to this, 
Kim, Frank, and Schack (2017) showed in a golf putting task that an AO training group performed 
significantly better than a control group post intervention, while Horn, Williams and Scott (2002) 
demonstrated significant positive effects for AO in a soccer task from pre-post with novice soccer 
players. This could be attributed to the added context of the observer being provided with a visual 
stimulus of the new motor skill being performed correctly and then applied in the learning of the new 
skill. In contrast, motor imagery is reliant on an individual’s ability to accurately generate the correct 
internal representation of the motor skill, which may be more difficult for novices due to their lack of 
familiarity with the skill.  
In skilled performers, the results for AO interventions are less consistent. Neuman and Gray 
(2013) demonstrated a significant positive effect for AO in a baseball hitting task with skilled 
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performers. The type of task being observed may be an important consideration in this context. For 
self-paced skills like dart throwing or golf putting in which a projectile/ball is being thrown/rolled at 
a static, constant, target there is no external, dynamic object (like a moving ball) for the performer to 
react or respond to this means that skilled performers will have already developed a stable, 
repeatable technique for dart throwing and that further observations may have little effect on 
performance. In contrast, baseball hitting is a reactionary skill with a rapidly moving target (ball) and 
performers may be using observation as a preparatory technique to anticipate or prepare for the 
delivery of the ball. 
2. 13 AO+MI within the MSPM 
Within MSPM we represent combined interventions of AO+MI as being more effective than 
either intervention in isolation, while accounting for the potential role of expertise. In discussing the 
topic, Vogt et al. (2013) offer a description of the multiple ways in which AO+MI could be applied, 
with important implications for both future research and contexts. Specifically, this highlights the 
implementation of congruent AO+MI, coordinative AO+MI and conflicting AO+MI.  
Congruent AO+MI refer to an observer ‘imagining self-execution whilst observing another 
person performing the same type of action’ (Vogt et al., 2013, p. 7). Coordinative AO+MI refers to 
observing one action, while imagining a separate, related action in the pursuit of a joint goal (Vogt et 
al., 2013). For example, a soccer goalkeeper may observe video of an opposition player taking a 
penalty kick while imagining their own response. Finally, conflicting AO+MI refers to “two actions, 
one observed and one imagined, that cannot be coordinated in some way and are solely conflicting” 
(p. 9). For example, ‘a skier observing a movie (showing either himself or someone else) of a slalom 
but simultaneously imagine himself falling during the same course’ (p.9). The AO+MI referred to in 
the current model is congruent AO+MI as we feel that this is likely to be the most practical/effective 
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implementation of AO+MI in most contexts, as well as being the most common implementation of 
AO+MI in the current literature. 
Experimental research examining AO+MI is an emerging area within the motor simulation 
literature, and as such behavioural support for our assertion are limited, however the recent evidence 
is promising. Scott et al. (2018) demonstrated significant effects for hamstring eccentric strength 
after an AO+MI intervention when compared to MI alone. Furthermore, Ram et al. (2007) and Taube 
et al. (2014) both demonstrated significant effects for AO+MI training groups relative to control 
groups for balancing tasks with inexperienced participants, and in the case of Ram et al. (2007) 
AO+MI also significantly outperformed AO alone, and MI alone. AO+MI interventions have also 
been shown to elicit positive effects in novice dart throwing (Romano-Smith et al. 2018; Romano-
Smith et al. 2019) compared to AO alone, MI alone, and control groups. In more skilled performers 
AO+MI interventions have been shown to have significant positive effects in golf putting (Smith & 
Holmes, 2004) relative to MI and control groups. We would strongly agree with Eaves et al. (2016) 
when they suggest that AO+MI represents an effective adjunct to physical practice. 
 
2.14 Physical Practice within the MSPM 
In the context of motor simulation interventions, physical practice has been demonstrated to 
have a greater effect on performance than the use of MS interventions alone (e.g. Driskell et al., 
1994) and that the true value of MS interventions are as an adjunct to physical practice. Experimental 
research comparing PP alone to MS interventions has demonstrated PP’s efficacy relative to 
simulation interventions. In low skilled performers, Cumming and Ramsay (2011), Kim et al. (2017), 
and Gentili et al. (2010) PP groups significantly outperformed both MI groups and control groups in 
a balancing task, golf putting task, and a novel arm pointing task respectively. Gruetzmacher, Panzer, 
Blandi, and Shea, (2011) showed significant differences in a novel joint matching between a PP 
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group and control group, while also demonstrating a substantial (but non-significant) difference 
between PP and AO. In more skilled performers, Smith et al. (2007) showed significant pre-post 
improvements in both a PP group (43.93%) and a MI group (36.36%) on a hockey penalty flick task, 
however the difference in improvement between the groups was not statistically significant. 
 
2.15 Combined MS+PP Interventions within the MSPM 
As outlined previously in this paper, the real strength of MS interventions is that they can be 
readily used to complement physical practice. Despite this the experimental literature examining 
combined PP+MS interventions in healthy populations is relatively sparse and yet to be properly 
investigated, particularly when compared with the wealth of literature examining MI alone in novice 
populations. However, some experimental studies have examined combined PP+MS interventions, 
for example with a sample of high skilled golfers, Smith et al. (2008) showed that a PP+MI group 
performed significantly better than either MI alone or PP alone on a golf bunker shot task. Olsson, 
Jonsson, and Nyberg (2008) conducted a study with skilled high jumpers who showed a significant 
improvement in bar clearance for PP+MI but not for PP. In putting tasks with low skilled performers, 
Frank et al. (2014) demonstrated that a PP+MI performed significantly more consistently than MI 
alone or a control, while Frank, Kim, and Schack (2018) showed that PP+AO significantly improved 
performance from pre-post.  
Typically, integrating MS+PP relies on alternating physical practice with an MS process. For 
example, Guillot et al. (2015) implemented MI in the rest periods between high intensity tennis 
actions to determine whether integrating MI into PP could prevent fatigue related performance 
decrements in tennis ground serve performance. Frank et al. (2014) also adopted this alternating 
approach when implementing MS+PP but this time in a golf putting task where participants 
imagined hitting ten golf putts before taking ten actual golf putts. This alternating approach is 
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appealing because it allows the performers to fully attend to the MS experience before 
contextualising that experience in the form of physical practice. An interesting paradigm to examine 
may be to incorporate PP+MI simultaneously, however we would caution that this may, particularly 
in already skilled performers, cause a destabilisation of skilled performance as a performer shifts 
their focus of attention during execution and attempts to regain conscious control of a movement that 
was previously automated.  
 Interestingly, there have been some conflicting findings within the combined MS+PP 
literature also. Marshall and Wright (2016) showed that there was no significant difference in novice 
putting performance between a AO+MI+PP group and a reading+PP group, while Guillot, 
Nadrowska, and Collet (2009) using a basketball tactical movement task demonstrated that there was 
no significant difference between PP+MI and PP alone in skilled basketball players. 
2.16 Sources of variability in performance in the MSPM 
The performance benefit to be had by individuals from any given MS intervention can vary 
both within and between individuals.  As a result, error bars in Figure 1 are a visual representation 
that low skilled performers have greater variance associated with their performance than more skilled 
performers. When comparing across expertise groups, evidence suggests that for all interventions, 
low skilled performers will have the greatest overall variance in performance. Mechanistically, we 
highlight differences between the neurophysiological systems underlying motor learning in novice 
versus well learned performers.  
In novices, functional interactions between cortico-striatal and cortico-cerebellar systems 
occur, facilitating rapid performance improvements in response to periods of practice (Doyon & 
Benali, 2005; Di Rienzo et al., 2016). As expertise develops with more accomplished motor 
efficiency, the cortico-striatal system is shown to be more prominently involved (Doyon & Benali, 
2005; Di Rienzo et al., 2016). The cortico-striatal system is particularly involved in the storage of 
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well-learned sequences of movement in long term memory (Doyon, Penhune, & Ungerleider, 2003). 
Behaviourally, these expertise differences can be attributed to the inherent variance present from one 
performance to the next that defines novice performance, for example, Taylor and Shaw (2002) 
demonstrated that unskilled golfers performed significantly worse, and with greater variability, on a 
golf putting task than skilled golfers. Within each expertise group, the total variance for any MS 
intervention is based on a number of factors, including but not limited to imagery ability, quality and 
quantity of sensory feedback available, memory processes, and, the type of motor task being 
executed (see Figure 2.2).  
 
Figure. 2.2 Sources of variability and duration effects associated with the efficacy of an MS intervention. 
 
2.16.1 Imagery Ability 
Imagery ability refers to an individual’s capability to vividly form, interpret, control, and 
apply images to effectively rehearse the desired outcome and is considered an important 
consideration within MI research for understanding why MI is effective. Despite the stated interest in 
the efficacy of imagery-based interventions on skilled performance, the concept of imagery ability 
tends be ambiguously defined, measured, and controlled for in the existing experimental literature. 
To date, methods of measuring imagery ability have relied on predominantly subjective measures. 
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The most common method of measuring imagery ability is through the use of self-report questions 
such as the Movement Imagery Questionnaire Revised (MIQ-R) (Hall & Martin, 1997), the Sports 
Imagery Ability Questionnaire (SIAQ) (Williams & Cumming, 2011), and the Movement Imagery 
Questionnaire 3 (MIQ-3) (Williams et al., 2012).   
Recently, there has been an emphasis placed on encouraging using a combination of multiple 
forms of measurement to examine the imagery ability of participants including mental chronometry 
(McAvinue & Robertson, 2008) and physiological measurement of the ANS (Collet, Guillot, Lebon, 
MacIntyre & Moran, 2011) (for a detailed review of imagery ability see Cumming & Eaves, 2018).  
Experimental studies have begun to distinguish good from poor imagers. For example, Guillot et al. 
(2008) used fMRI during a finger movement task to establish that good and poor imagers 
demonstrate activity in different parts of the brain when using MI. Good imagers activated parietal 
and ventrolateral premotor regions, which are critical to image generation, in contrast poor imagers 
who showed greater activations within the cortico-cerebellar system, a system related to the early 
stages of learning a new skill. 
Imagery ability may also be an important factor to consider when selecting which form of 
MS technique to implement with an individual. It seems intuitively appealing that for individuals 
with low imagery ability, the implementation of AO+MI may be a beneficial way of developing 
imagery ability. In this scenario, MI could plausibly be implemented using a LSRT approach where 
the task being imaged is broken down into easier to image composite parts before images are 
‘layered’ upon one another to develop a whole, vivid image. This approach of combining LSRT as 
part of AO+MI for the development of imagery ability has already been advocated for by Cumming 
and Eaves (2018) and represents a potentially promising methodology for implementing MS 
interventions with individuals of low imagery ability. 
40 
 
Imagery ability appears to be an important factor in predicting the efficacy of an associated 
imagery intervention.  As a result of this, we suggest that imagery ability contributes to the relative 
variance in performance associated with engaging in an MS intervention. 
2.16.2 Sensory Feedback 
 Sensory feedback can be best described as “information received directly by the performer 
through his or her various sensory systems” (Edwards, 2011, p. 448). During motor skill 
performance, feedback is provided to performers through proprioceptive and exteroceptive feedback. 
Using golf as an exemplar motor skill, proprioceptive feedback is provided to the performer when 
executing a golf swing via a number of sensory channels, including cutaneous, spindle and joint. 
These sensory channels all provide unique, rich and in some cases, redundant information that the 
brain uses to inform about the position and movement of the body and limbs in three-dimensional 
space. Concurrently, exteroceptive feedback (visual, audio and vestibular feedback) provides 
information to the performer regarding the location of the club at impact, the flight of the ball, the 
sound of the strike at impact and the balance of the golfer as they finish their swing.  
 The quantity and quality of sensory feedback as well as the performer’s ability to integrate 
the feedback, all contribute to the improvement in performance for any intervention involving 
physical movement (PP, PP+MI and PP+AO). Much of the current literature underlying our 
understanding of how feedback affects motor performance stems from studies which augment the 
feedback received by performers. Studies involving augmented and external feedback often refer to 
feedback in the context of knowledge of results (KR) or knowledge of performance (KP) (Wulf, 
Shea & Luthwaite, 2009) where KR is feedback related to the individual’s knowledge of their 
performance relative to the associated task goals (in a golf context, whether or not a performer holes 
a ten foot putt) and KP is feedback related to the efficiency of the movement relative to achieving the 
movement goal (in a golf context, knowledge of the path, strike, or swing of the putter head on a ten 
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foot putt). Augmented feedback is broadly accepted to enhance motor learning and performance, for 
in depth review see Sigrist, Rauter, Riener, & Wolf, (2012) 
Additionally, given the absence of any external sensory feedback, relative performance 
variability in novices, in response to an MI intervention will be larger than the relative performance 
variability experienced by more learned performers in response to an MI intervention. On the 
opposite end of the continuum, factors contributing to variation in high skilled performer’s 
performance in response to each intervention may be different to those contributing to variation in 
less skilled performers.  For example, for those who are considered high skilled, the relative 
contribution to performance in response to an MS intervention may be more affected by their ability 
to process the pertinent sensory feedback than their ability to reassemble consolidated memory.  
 
2.16.3 Memory Processes 
Variability in low skilled performers engaged with a MI intervention specifically may be 
more related to their ability to reassemble memory. The reason for this hypothesis is two-fold, firstly 
in novices, the pertinent information related to performance is newly formed and novel and because 
of this, limited consolidation has occurred and as such, variability in performance between novices in 
response to a MI intervention is dependent upon their ability to consolidate this newly learned 
information. Secondly MI’s efficacy is implicitly reliant on the interpretation of previously 
consolidated memories, particularly when defined as ‘the mental rehearsal of actions without 
engaging in the movements involved’ (O’Shea & Moran, 2017, p. 1). A traditional view of MI refers 
to it in the context of a performer imagining performing a physical motor task in the absence of the 
associated overt physical movements. As such, it is pertinent to consider the process or mechanism 
that may ultimately influence the efficacy of engaging with imagery in this context, for performers of 
different levels of expertise.  
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Memory consolidation is the process through which long-term memory becomes more stable 
over time (Krakauer & Shadmehr, 2006) or more specifically, it is the “offline processes that occur 
4-6 hours immediately post-practice and result in stabilization of memory” (Kantak, Sullivan, Fisher, 
Knowlton & Winstein, 2010, p. 923). Expert performers of a particular motor skill, or set of motor 
skills, have had more opportunity during the learning process to consolidate relevant memories and 
mental representations (Land et al., 2013) and thus will be more able to access the relevant stored 
information during performance. This hypothesis is supported by evidence suggesting that the 
consolidation process facilitates the stabilization of memory representations into its most effective 
form, making memory available for continued reactivation and recall in expert performers (Debarnot, 
Sperduti, Di Rienzo, & Guillot, 2014). Given that MI in the traditional sense is reliant on the 
interpretation of internally generated information, experts may have an ability to process such 
information in a way that facilitates performance, leading to less variability of performance related to 
the consolidation process and stored memory.  
There is precedent in the existing literature examining the relationship between memory 
consolidation and motor imagery. Debarnot, Creaveux, Collet, Doyon, and Guillot (2009) 
demonstrated gains in performance of a learned finger movement sequence in physical practice and 
motor imagery groups who consolidated their training through sleep, when compared to a no sleep 
control. Given that experts have a more efficient recall of consolidated memories (Debenarnot et al., 
2014) we suggest that variability in their performance in response to an imagery or observation 
intervention will be relatively less affected by consolidation than novices.      
 
2.16.4 Type of Task 
The type of task being performed should also be considered as a factor in how effective an 
MS intervention proves to be. Research has demonstrated MS interventions efficacy across an 
assortment of motor skills including golf (Smith & Holmes, 2004; Smith et al., 2008; Frank et al., 
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2014), darts (Romano-Smith et al., 2018; Romano-Smith et al., 2019), and strength exercises (Scott 
et al., 2018) amongst a plethora of others. Historically, mental practice was a more effective 
intervention for cognitive skills. Driskell et al. (1994) suggested that while mental practice is 
effective for all motor skills it is more effective the more a task requires cognitive abilities. Similarly, 
based on meta-analytic data, Ashford et al. (2006) suggest that observation is particularly beneficial 
for serial tasks, with reduced effects for continuous tasks, and smallest effects for discrete tasks. 
Given that serial tasks are those which require the performance of multiple, coordinated movements 
in a specific sequence, AO may facilitate large performance improvements (particularly in novices) 
by providing a framework of correct coordination and reducing unfamiliarity with the task.  
The challenge point framework (Guadagnoli & Lee, 2004) has outlined a hypothesized 
relationship between task difficulty, performance in practice, and level of expertise as represented by 
‘challenge points’. It is suggested that these optimal challenge points to facilitate performance 
improvements occur earlier (lower difficulty) for the least skilled performers and occur later (high 
difficulty) for the most skilled performers. Fundamentally this suggests that not only is the type of 
task (in terms of discrete vs serial) important but also the difficulty of the task in the context of the 
performer existing capability could be an important factor in the effectiveness of mental practice 
paradigms. These MS conditions should then be designed to maximise the relationship between task 
difficulty and level of expertise to maximise practice effects. 
Another worthwhile consideration is the influence the complexity of a motor skill has on the 
efficacy of an MS intervention. It may be the case that in motor skills that are overly simple, the 
difficulty is low enough that the mental representations necessary to use imagery are already present 
and as such are readily available regardless of ‘expertise’ in that context (e.g., a grasping task). On 
the other hand, in cases where a motor skill is extremely complex it seems unlikely that a single bout 
of an MS intervention alone would be sufficient to illicit a learning or performance effect. To that 
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end, we would hypothesize that the type of task that a performer is engaged in will contribute to the 
variance associated with efficacy of MS intervention. 
 
2.17 Future Research Opportunities 
Given that we have proposed this conceptual model to describe the efficacy of MS 
interventions across the skill continuum, the next step logically is to test the assumptions made 
within the model experimentally. The paucity of previous research comparing MI/AO/AO+MI 
interventions across participants of varying skill levels led to challenges when designing and 
conceiving a model to fit motor simulation’s effect on performance.  
Future research should seek to explore MS interventions experimentally, while considering the 
factors, as outlined in the MSPM that influence the efficacy of MS interventions. The literature to 
date has yet to fully represent the effect of these interventions, with few studies choosing to examine 
whether the skill level of the performer augments the efficacy of MI/AO/AO+MI. Often, our current 
understanding is guided by research examining imagery’s effect on performance in novice 
performers, leaving us with a narrow understanding of motor simulation’s effect on performance 
across expertise. To address this, and also test the assumptions made within MSPM, experimental 
research should seek to incorporate the full spectrum of expertise in the tasks measured. Expert 
performers in particular represent a potentially important participant group because the decreased 
variability in physical performance from performance to performance may allow for a more 
representative detection of an effect of a MS intervention. 
Opportunities to examine MS interventions effect on performance across an array of motor 
skills are rife, and future experimental studies should attempt to fully consider factors like imagery 
ability, task type, and duration of intervention when designing future research. Novel research 
methods like the use of kinematic and biomechanical measurement tools, along with the continued 
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use of brain measurement devices should be incorporated to further illuminate both the underlying 
mechanisms, and behavioural outcomes of MS interventions.    
Recent research has begun to illuminate the potential benefits of combining MS interventions. 
Romano-Smith et al. (2018) demonstrated that combining motor imagery with action observation 
simultaneously significantly improved aiming task performance when compared with MI alone, and 
AO alone. In the context of injury rehabilitation, Scott et al. (2018) results indicate that combining 
AO and MI (AO+MI) facilitates eccentric hamstring strength gains as part of a rehabilitation 
programme more effectively than MI alone.  
 After over 20 years of research into the effects of motor simulation (in particular motor 
imagery) on motor skill learning and performance, we can confidently conclude that there is a 
statistically significant effect on performance for these interventions. Using golf putting as an 
exemplar motor skill, significant effects have been demonstrated by Taylor and Shaw (2002), 
Ramsey et al. (2008), Ismail (2016), and Short et al. (2002) amongst others. A shift in focus to 
demonstrate the magnitude of the effect of these interventions is needed to fully quantify the 
potential usefulness of these interventions in applied settings. The continued reporting of effect sizes 
in experimental studies in order to better understand the how to best implement motor simulation is 
vital in moving the research area forward. 
 The MSPM, as outlined here, should be seen as a model within which to test future 
experimental research. We suggest that the MS interventions in the model will benefit performers of 
all expertise levels, but that the intervention should be modified accordingly. We hypothesize that the 
variation in efficacy of MS interventions is affected by a number of factors which we have outlined 

































The following chapter presents a summary of the general methods used throughout the 
experimental work conducted in the current thesis. The chapter is structured as follows: first a 
description and review of the measures of imagery ability used in each experimental study are 
provided. Next a description of the various experimental conditions used throughout the thesis is 
provided, with a justification of the implementations used provided. After this, methods of 
calculating the various measures of distance error used in this thesis will be outlined. Finally, a 
description of the Science and Motion (SAM) Puttlab device, its validity as a measurement tool, and 
the variables of interest will be summarised. 
3.2 Measures of Imagery Ability 
Motor imagery ability is most commonly measured using self-report questionnaires in which 
participants are instructed to imagine seeing or feeling themselves performing a movement. As part 
of this thesis, a pilot study was conducted examining differences in putting performance subsequent 
to engaging in an AO+MI intervention compared to a control condition (see Chapter 4), the 
Movement Imagery Questionnaire-3 (MIQ-3; Williams et al., 2012) was utilised (see appendix 1). 
The MIQ-3 represents the most recent version of the original Movement Imagery Questionnaire 
(MIQ; Hall & Pongrac, 1983), and an updated version of the Movement Imagery Questionnaire- 
Revised (MIQ-R; Hall & Martin, 1997). Each version of the MIQ questionnaire instructs individuals 
to physically perform each movement before generating an image of that same movement. The MIQ-
3 assesses the ability to imagine performing a knee lift, a jump, an arm movement, and a waist bend 
movement and ratings range from “very hard to see/feel” to “very easy to see/feel on a 1-7 Likert 
type scale. To score the MIQ-3, the sum of scores for items 2, 5, 8, 11 is divided by 4 to generate a 
mean score for internal visual imagery (IVI) ability, this process is repeated for items 3, 6, 9, and 12 
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to generate a score for external visual imagery (EVI), and for items 1, 4, 7, and 10 to generate a score 
for kinaesthetic imagery (KI) ability. An example of an item from the MIQ-3 is as follows; 
Starting position: Stand with your feet and legs together and your arms at your sides. 
Action: Raise your right knee as high as possible so that you are starting on your left leg with your 
right leg flexed (bent) at the knee. Now lower your right leg so you are once again standing on two 
feet. The action is performed slowly. Mental task: Assume the starting position. Attempt to feel 
yourself making the movement just observed without actually doing it. Now rate the ease/difficulty 
with which you were able to do this mental task. Rating: __________ (Williams et al., 2012). The 
primary advantage of using MIQ-3 over MIQ-R is the use of three separate imagery perspectives; 
IVI, EVI, and KI, compared to the two perspectives (visual or kinaesthetic) used in the MIQ-R. 
The psychometric properties of the MIQ-3 are relatively well established (Roberts et al., 
2008; Monsma, Short, Hall, Gregg, & Sullivan, 2009; Williams et al., 2012). Its predecessor, the 
MIQ-R has been demonstrated to have good internal and temporal reliability, as well as having good 
test-retest reliability (Monsma, Short, Hall, Gregg, & Sullivan, 2009). The reliability of MIQ-R was 
further demonstrated by Williams et al. (2012) who used Multitrait- multimethod (MTMM) analyses 
to demonstrate reliability (CFI=98%). The MIQ-3 itself has also been demonstrated to have good 
internal and temporal validity as well as to concurrent validity with the Vividness of Movement 
Imagery Questionnaire 2 (VMIQ-2; Roberts et al., 2008), this is of particular significance because 
both the VMIQ-2 and MIQ-3 examine imagery ability along the IVI (0.628), EVI (0.679), and KI 
(0.706) (Williams et al., 2012). Overall, the results from the existing literature support the MIQ-3 to 
be valid and reliable measure of visual and kinaesthetic movement imagery ability.  
The VMIQ-2 was used to assess imagery ability in the experimental trial comparing MI, AO, 
AO+MI, and a control condition (Chapter 5) and in the study comparing physical practice with 
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AO+MI plus physical practice (Chapter 6). The VMIQ-2 (see appendix 2) is a 12 item self-report 
measure which assesses the vividness of an individual’s MI experience from the IVI, EVI, and KI 
perspectives. The VMIQ-2 is a revised version of the original VMIQ (Isaac, Marks, & Russell, 
1986). Participants are required to imagine themselves performing twelve different movements from 
the three stated imagery perspectives. The 12 movements are comprised of general, commonly 
performed movements such as walking, running, cycling, jumping, and kicking a ball. Participant’s 
rate the vividness of their imagery on a 1-5 Likert scale where 1= perfectly clear and vivid, and 5= 
No image at all. A key difference between the VMIQ-2 and the MIQ-3 is that the VMIQ-2 measures 
the vividness and clarity of the imagery, while the MIQ-3 measures the ease of image generation. 
The VMIQ-2 can be scored by summing the scores for the 12 movements in each of the three 
subscales such that a minimum score (indicative of high imagery ability) in each subscale would be 
12 and a maximum score (indicative of low imagery ability) would be 60.  
The reliability of the psychometric properties of the VMIQ-2 has been established by Roberts 
et al. (2008) which demonstrated good factorial, concurrent, and construct validity. The logic for 
using the VMIQ-2 over the MIQ-3 in subsequent chapters was the following, the nature of delivery 
of the MIQ-3, where participants are required to perform the movement before using MI was 1) 
extremely time consuming, and  2) a source of potential bewilderment/discomfort for participants. 
Given that the concurrent validity of MIQ-3 and VMIQ-2 have been established relative to each 
other, the brevity of VMIQ-2 over the MIQ-3 was considered to be advantageous.  
3.3 Design of Interventions 
Pilot Study (Chapter 4) 
The AO+MI intervention consisted of a video showing a skilled golfer performing the putting task in 
the same lab environment as the putting task, played in an alternating fashion with a motor imagery 
script (similar to an AO+MI intervention used by Romano-Smith et al., 2018). Participants were 
50 
 
presented with the observational video containing ten putting trials followed by the audio imagery 
script; this process was then repeated to total 20 observational trials. The logic of selecting 20 
observational was to match the number of observed trials with the number of physically performed 
trials during the experiment. The intervention was approximately 5 minutes in length. Headphones 
were provided to eliminate any external auditory distractions, and participants were instructed to be 
as attentive to the video and script as possible.  
A skilled (Category 1 golfer) model was used in the action observation video who 
demonstrated an exemplary stroke which displayed very high accuracy (84.1%) and consistency 
(78%) scores on SAM Puttlab kinematics and resulted in the ball finishing directly on target. Skilled 
models have been used in previous observation-based interventions (Pollack & Lee, 1992; Meaney 
Haughey, Brennan, & Fairweather, 2005) and have been demonstrated to be as effective as other 
types of models. The AO video was recorded from a third person perspective at ground level, 
showing only the motion of the putter head and resulting motion of the golf ball.  
 The motor imagery script consisted of 6 short sentences describing key visual and 
kinaesthetic cues associated with performing the putting task. The 6 sentences were evenly split to 
describe kinaesthetic and visual aspects of associated with the task, i.e. 3 each (See below, and 
appendix 3 for script). The imagery script was developed in accordance with recommendations from 
a recent review by Cooley, Williams, Burns, and Cumming (2013), and Williams, Cooley, Newell, 
Weibull, and Cumming’s (2013) guidelines to developing effective imagery scripts for athletes. The 
use of imagery scripts has been a common method of implementing MI conditions in the previous 
literature. According to William’s et al. (2013) the development of imagery scripts should involve a 
focus on addressing five ‘W’s, 1) who is using the script, 2) where and 3) when the script is being 
used, 4) why the script is being used, and 5) what will be imaged. These considerations in the context 
of the current experiment refer to active, skilled golfers as the who, the lab-based environment and 
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prior to performance as the where and when, performance enhancement as the why, and movement 
and outcome related visual and kinaesthetic cues as the what is to be imaged. Using these evidenced 
recommendations as a guide, the imagery script used in chapter 4 is as follows:   
· Place the ball on the spot, confident in your ability to putt well 
· Feel the soft, rough texture of the putting carpet as you get into your setup position.  
· See the target and know the line the putt will take. 
· Feel the weight of the putter as you line up the putt and take your grip.  
· Once comfortable, take a deep breath, releasing the tension from your body.  
· Glance from the ball to the target. Feeling confident, see and feel the ball rolling on line and 
stopping on the target.  
· Take one last glance at the target  
· Finally, rock your shoulders back and forth. See and feel the putter release as the ball rolls towards 
the target. 
An audio script was chosen as previous work has determined video and audio imagery modalities to 
be significantly more effective than written scripts (Smith and Holmes, 2004).  
Main Experimental Trial (Chapter 5) 
Experimental Conditions 
MI Condition 
In chapter 5, like chapter 4, MI was administered via an audio imagery script. The motor imagery 
script consisted of eleven sentences describing 7 visual and 7 kinaesthetic cues associated with 
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successful performance of the putting task (see appendix). Like chapter 4, the imagery script was 
developed in line with Cooley, Williams, Burns, and Cumming (2013), and Williams, Cooley, 
Newell, Weibull, and Cumming’s (2013) guidelines for developing effective imagery scripts for 
athletes. Participants were instructed to ‘attend to the imagery script as closely as possible and 
imagine what it looks and feels like to complete the putting task’. One way in which the imagery 
script used for chapter 5 differed from that used in chapter four was the use ‘basic action concepts’ 
(BACs) (Frank et al., 2016) to better inform the cues used in the imagery script. BACs refer to 
individual movements that when integrated together allow for the repeated performance of a goal-
directed movement. Examples of BACs for golf putting according to Frank et al. (2016) are ‘rotating 
the shoulders away from the ball’ and ‘keeping the clubface square to target line at impact’. The 
imagery script used in chapter 4 is as follows: 
-Set the putter head behind the ball, pick a spot on the green that you want to roll the ball over 
-Step into address the golf ball, comfortable with the set-up position. 
-Look at the target, line your feet and shoulders parallel to it. 
-Take another look at your spot, confident in the line. 
-Feel the weight of the putter and the speed of the putt 
-Rock your shoulders, feeling the connection between arms, hands, and club head. 
-Feel the putter make contact with the ball. Solid. 
-Finish the putting stroke, keeping the putter square. 
-Look up, and see the ball rolling towards, and finishing on the target. 




  Participants in the AO condition were presented with a video showing an expert golfer 
performing the same putt, in the same experimental conditions as the putt which participants were 
required to perform. The video depicted the golfer executing the putt from four perspectives; 
Saggital view of the golfer, frontal view of the golfer, view of only the putter down the target line, 
and first-person perspective (See Chapter 5, Figure 5.1). The perspectives were presented in split 
screen such that two of the perspectives were presented at a time and alternated with the other 
perspectives following the completion of each putt on video. The reasoning for showing participants 
the observational video from multiple perspectives was to make the observational as immersive and 
as relevant as possible, giving participants the best opportunity to perceive potentially relevant 
kinematic cues. To date, various video perspectives have been used to implement AO in literature 
e.g., first person (Romano-Smith et al., 2018), or third person (Wright et al., 2018) but no consensus 
has been established as to the most suitable implementation, with the most appropriate perspective 
thought to be dependent on the task being observed.  
The video contained twenty trials lasting 9 minutes in total, after which participants were 
given a two-minute break before re-watching the video. The AO condition lasted 20 minutes in total 
(all the experimental conditions were temporally matched). 20 minutes was selected as an 
appropriate intervention time because previous literature such as Driskell et al. (1994) and more 
recently Toth et al. (2019) have suggested approximately 20 minutes to be optimal length of MI 
session. The video was presented on a 57 cm x 49 cm high-definition monitor, positioned so that 





 Participants in the AO+MI conditions integrated the methods outlined in the previous two 
paragraphs pertaining to MI, and AO as an integrated simulation intervention by watching the AO 
video while simultaneously listening to audio imagery script. Dynamic AO+MI (AO+MId) was an 
experimental condition where participants engaged with AO and MI simultaneous while being free 
to hold and use their putter to mimic physical execution during the AO+MI video. This was the only 
group permitted to mimic execution in this way. There is some emergent evidence to suggest that 
implementing simulation conditions in a ‘dynamic’ way may enhance the vividness and effectiveness 
of the interventions. Zhang et al. (2018) demonstrated that simply holding a basketball while using 
imagery enhances the vividness of MI when compared to a without-ball MI group. Further to this, 
Robin, Toussaint, Charles-Cherlery, and Coudevylle (2019) demonstrated that individuals who 
engaged with AO+MId improved performance to a greater extent than an MI alone group. In 
addition, a core concept within highly supported behavioural matching implementation of MI like 
PETTLEP is the physical component, where it is suggested that by mimicking the physical aspects of 
execution e.g., holding the appropriate equipment, vividness and effectiveness of mental practice can 
be enhanced.  
While watching the video, an audio script was chosen to facilitate the implementation of the 
script alongside the AO video. Participants were instructed to ‘attend to the observation video as 
closely as possible, while imagining what it looks, and feels like to complete the putting task’.   
 
AO+MIs Condition 
Participants in the AO+MIs condition completed an identical procedure to the AO+MId group, 
however, they were not allowed to hold a putter during the intervention and were instructed to ‘avoid 




Participants in the control group engaged in a cognitively active reading task similar to that 
used by McNeill et al. (2019) and Smith, Wright, and Cantwell (2008). Cognitively active controls 
are widely considered to be a better basis of comparison for the effect of experimental conditions 
than non-active controls (Boot, Simons, Stothart, & Stutts, 2013). The reading material was golf 
related but did not contain any instructional material. 
Self-Modelled AO+MI vs Skilled-Peer Modelled AO+MI (Chapter 7) 
Self-Modelled AO+MI (SMAO+MI) 
In chapter 7, the aim of the experiment was to compare the effectiveness of two different 
implementations of AO+MI, Self-Modelled AO+MI (SMAO+MI) and Skilled-Peer Modelled 
AO+MI (SPMAO+MI). While there has been relatively little existing literature directly comparing 
self-modelling with peer-modelling approaches, we thought it pertinent to make this comparison to 
further examine the most effective implementations of AO+MI states, specifically that for skilled 
performers self-modelled may prove to be a more effective implementation of AO+MI. In one of the 
few direct comparisons, Clark and Ste-Marie (2007) have suggested that self-modelling may be more 
effective than other model types for learning swimming skills. Based on the gap in the 
implementation literature we thought these comparisons important to make. 
 The SMAO+MI intervention required participants to watch themselves completing their 
twenty baseline putts via a video recording while imagining what it felt like to successfully perform a 
golf putt. The video was recorded from a third person and immediately behind the participant on the 
line of the target such that the participant had the capacity to view their entire body, the putter, and 
the finishing position of the ball. The instruction to participants was ‘Please watch the video as 
attentively as you can, while simultaneously imagining what it feels like to swing the putter rolling 
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the ball towards, and onto the target’. Participants repeated this process twice, completing 40 
observational trials in total, a similar method to Frank et al. (2014;2016). During this time, 
participants could hold and swing their putter as practice putting strokes without striking a ball, 
similar to the AO+MId condition used in chapter 5. Headphones were provided to eliminate any 
external auditory distractions.  
Skilled Peer Modelled AO+MI (SPMAO+MI) 
The SPMAO+MI intervention mimicked the same protocol as the SMAO+MI group but will 
instead use an expert golfer as the model within the observational video. The SPMAO+MI video was 
recorded in the same environment as the SMAO+MI videos, ensuring that the observational content 
was identical in both groups, apart from the model used. The expert golfer was a former European 
tour professional and demonstrates exemplary putting technique with an overall accuracy rating of 
86.9% and an overall consistency rating of 90.9% on SAM Puttlab kinematics. Participants in this 
group received the same instruction as those in the SMAO+MI experimental group. 
3.4 Measures of Distance Error 
Each of the experimental designs within this thesis consisted of recording putting 
performance before (baseline) and after (post) various MS interventions. Putting performance was 
evaluated over the course of 20 putts. During baseline and post data collection, the ball’s horizontal 
(𝑥) and vertical (𝑦) distance from the target was measured after each putt. The co-ordinates from 
each of the 20 putts were used to calculate the overall accuracy and precision of each participant’s 
performance either prior to or post the intervention. Twenty putts was selected as an appropriate 
number of putts to have participants execute per experimental stage as previous research (Frank et 
al., 2016) has also used 40 putting trials to quantify performance. Accuracy was assessed by 
determining the average radial distance that each putt finished from the target (Mean Radial Error; 
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MRE). MRE was calculated as the mean distance that that a group of 20 putts finished from the 




) ∑ [(𝑥² + 𝑦²)1/220𝑖 .    (1) 
Precision was assessed by determining the bivariate error of the 20 putts before or after an 
intervention. The bivariate error was calculated as the square root of a participant’s 20 shots’ mean 
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Both MRE and BVE are typical accuracy and precision metrics used to evaluate target-based 




3.5 Science and Motion Puttlab 
The SAM Puttlab is a three-dimensional ultrasound system used to record putter kinematics 
(SAM PuttLab, Science & Motion GmbH, Mainz, Germany, www.scienceandmotion.de;). The 
Puttlab is capable of measuring 58 parameters per stroke (see table 3.1 for list of variables of 
interest). A triplet, weighing 48g and mounted to the putter shaft, emits high frequency signals from 
three ultra-sound transmitters, to a Puttlab receiver unit. These transmitters send ultrasonic pulses to 
the measuring system in short sequences (typically milliseconds). The positions of the transmitters 
are then calculated from time delays of the pulses and stored via the Puttlab software. The travel time 
of the sound pulses between the sender and receiver allows calculation of the exact distance between 
the two, generating positional data of the golf club movements throughout the putting stroke. The 
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overall sampling frequency is 210 Hz. The resolution of the Puttlab system is 0.2mm and 0.1° 
(Marquardt, 2007). Preparing the Puttlab system for use involves mounting a T shaped triplet onto 
the shaft of the putter ten inches above the putter face. This triplet houses three sending sensors. The 
receiver unit of the Puttlab is placed 50 cm perpendicular to the golf ball (see figure 4.1). The 
receiver unit is connected to a PC via USB. During the measurement, all data is transferred to the PC 
in real-time. To calibrate the triplet with a properly aimed club face, a small laser is fixed 
perpendicular to the putter face and is pointed at the target, during the calibration the  putter is set flat 
on the surface, addressing a golf ball (see figure 4.1). The calibration process thus allows for 
accurate estimation of kinematic variables while the putter in motion. Bespoke SAM Puttlab 
software automatically detects valid putts, rejecting (and not registering) those which fail to follow a 
specific sequence considering the start position; movement at start, during, and end of backswing and 
movement size, direction, speed and timing of forward swing. Kinematic variables of interest relate 
to aim, ball direction, path geometry, face rotation, dynamic loft at impact, rise angle, and movement 
dynamics (Marquardt, 2007). 
Table 3.1 Kinematic Variables of Interest 




Face Angle at Address 
2 FIMP Face Angle at Impact 
3 BALLDIR Ball Direction 
4 DIRECT Club Path direction at impact 
 
The reliability and precision of SAM Puttlab as a measure of putting kinematics has been 
established in a study which used robotics to perform a series of putts in order to test the accuracy 
and reliability of the Puttlab system. Marquardt (2007) used a series of ten putts performed by a 
59 
 
putting robot to establish standard deviations of 0.02° for path direction at impact, 0.06° for face 
angle at impact, 0.3mm for horizontal impact spot on the club face, 0.1̊ for shaft angle at impact, 0.09̊ 
for rise angle at impact, and 0.05̊ for lie angle at impact. Subsequent peer reviewed studies have used 
the Puttlab system to measure putting kinematics (Karlsen, Smith, & Nilsson, 2008; Toner and 
Moran, 2013; McNeill et al., 2019)  
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effect of an AO+ MI intervention on golf putt performance: A pilot study. Psychology of Sport and Exercise, 
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Motor imagery (MI) is the internal generation and rehearsal of movement execution, typically 
without any overt action (MacIntyre, Moran, Collet, & Guillot, 2013; Jeannerod, 2001) whereas 
action observation (AO) is the deliberate and structured observation of human movement (Neuman 
& Gray, 2013). Well established research has demonstrated that both MI and AO independently 
benefit subsequent performance of motor skills (e.g. (Ste-Marie, Law, Rymal, Jenny, Hall, & 
McCullagh, 2012; Cumming & Williams, 2012; Wakefield, Smith, Moran, & Holmes, 2013). 
Jeannerod’s Motor Simulation Theory (MST; 2001) postulates that action related cognitive states 
such as AO and MI produce similar cortical activations of the motor system to those produced during 
motor execution (O’Shea & Moran, 2017). Such motor and motor related brain areas overlap 
extensively, both with one another and with those regions involved in motor execution (for more 
please see the works of Eaves, Riach, Holmes, & Wright, 2016; Grezes & Decety, 2001; Hardwick, 
Caspers, Eickhoff, & Swinnen, 2018). A fundamental assumption of MST is that action is preceded 
by a mental representation which contains many aspects of the future action, i.e., the mental 
representation and actual execution of an action form a continuum whereby the movement unfolds 
over time before culminating in eventual execution (O’Shea & Moran, 2017; see Jeannerod, 1994, 
1997, 2001, 2006a). Moreover, MST postulates that action representation can operate off-line in the 
absence of movement, using the same mechanisms as actual action, as the motor system is part of a 
cognitive network (Jeannerod, 2001).  
Research examining the tenets of MST has been comprised of functional magnetic resonance 
imaging (fMRI) studies, that have shown that areas known to be involved in motor planning and 
execution are also active during MI and AO, and behavioural evidence, suggesting that interacting 
with motor simulation (MS) techniques can augment physical performance/motor 
learning/behavioural outcomes. Recently, Hardwick et al. (2018) showed in a comprehensive, large-
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scale meta-analysis of fMRI studies examining the brain regions associated with AO, MI, and ME 
that there exists a consistent network of premotor, parietal, and somatosensory brain areas that are 
activated during these three cognitive states. However, the meta-analytic results of Hardwick et al. 
also challenges the central tenet of MST, that simulation and execution share the same neural 
mechanism, by demonstrating using conjunction and volume comparison analysis that consistent 
recruitment across all three tasks were confined to the premotor and rostral parietal cortices, while 
less than half of the network for ME was also involved in MI and AO, suggesting that the underlying 
processes accounting for the shared efficacy of simulation is more complex than a simply shared 
neural mechanism or activation. Transcranial magnetic stimulation (TMS) studies have demonstrated 
that the amplitude of motor evoked potentials (MEPs) are facilitated by both AO (Naish, Houston-
Price, Bremner, & Holmes, 2014) and MI (Grosprêtre, Ruffino, & Lebon, 2016), suggesting that 
both AO and MI interventions may facilitate motor activations during performance and learning. 
This likely results from the activation and strengthening of the cortical pathways involved in motor 
execution (Wright, Wood, Eaves, Bruton, Frank, & Franklin, 2018). However, subtle differences are 
evident in the subcortical structures underlying motor imagery and motor execution, emphasising the 
need to further understand the neural mechanisms associated with motor imagery and how this 
translates into behavioural effects (O’Hara & Moran, 2017; Hardwick et al, 2018).  
Typically, AO and MI have been researched in isolation, or in direct contrast to one another 
to determine their effectiveness in augmenting motor skill learning and performance (Holmes and 
Calmels, 2008). More recently, research has begun to examine the effects of MI during AO 
(AO+MI), demonstrating promising research findings (Scott, Taylor, Chesterton, Vogt, & Eaves, 
2018; Vogt, Di Rienzo, Collet, Collins, & Guillot, 2013; Eaves et al., 2016). AO+MI involves 
imaging the physiological and kinaesthetic components of an action while observing a congruent 
action (Eaves et al. (2016). Multimodal brain imaging studies have shown that observing while 
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imaging the same action (AO+MI) results in significantly greater activations in cortico-motor 
regions than either modality alone (Berends, Wolkorte, IJzerman, & van Putten, 2013; Vogt et al., 
2013; Eaves, Behmer Jr, & Vogt, 2016; Taube et al., 2015). Behavioural evidence also supports 
these effects. For example, AO+MI interventions have been shown to enhance eccentric hamstring 
force (Scott et al, 2018), reduce balance variability (Taube, Lorch, Zeiter, & Keller, 2014), and 
enhance motor-rehabilitation of stroke patients (Sun, Wei, Luo, Gan, & Hu, 2016).  
While much of the supporting evidence for AO+MI interventions comes from research that 
involves complex, novel limb movements (e.g. Sun et al., 2016; Marshal, Wright, Holmes & Wood, 
2019), research has also examined the effects of AO+MI in sport specific skills. In an early piece of 
AO+MI research, Smith and Holmes (2004) demonstrated using a golf putting task that AO+MI was 
the most effective method of intervention implementation when compared with audio, written script, 
and reading control groups. Wright and Smith (2009) found no significant difference between a 
physical practice group and an AO+MI group after a six-week intervention measuring bicep curl 
strength, while participants who combined AO+MI with physical practice improved most. More 
recently, Wright et al. (2018) demonstrated that the use of AO+MI elicits significantly greater 
cortico-spinal excitability during a basketball free throw task compared to AO or a static 
observational control. Romano-Smith, Wood, Wright, and Wakefield (2018) demonstrated that 
combining AO and MI significantly improves learning and performance in a dart throwing task 
regardless of how the interventions are combined (simultaneously or alternately) when compared to 
an AO intervention or control group alone. Scott et al’s (2018) acute intervention also showed that 
AO+MI enhances hamstring strength when compared to MI alone. The promise of the emerging 
effectiveness of combining AO+MI interventions warrants further exploration in diverse motor skills 
and populations.  
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Imagery ability is an important factor to consider for understanding and determining the 
effectiveness of MS interventions. Imagery ability refers to an “individual’s capability to form vivid, 
controllable images, and retain them for a sufficient time to affect the desired imagery rehearsal’’ 
(Morris, Spittle, & Watt, 2005, p. 37). Typically, imagery ability is measured using self-report 
measures, with both the Movement Imagery Questionnaire 3 (MIQ-3; Williams, Cumming, 
Ntoumanis, Nordin-Bates, Ramsey, & Hall 2012) and the Vividness of Movement Imagery 
Questionnaire (VMIQ-2; Roberts, Callow, Hardy, Markland, & Bringer, 2008), which have been 
validated for research purposes in previous literature. Recent research by Zabicki, Zentgraf, Stark, 
Munzert, & Krüger (2019) has demonstrated that self-reported imagery ability measures are effective 
tools for differentiating imagery vividness as shown via objective neurophysiological markers during 
fMRI. 
Kinaesthetic imagery ability, which describes the ease with which one can sense their own 
body and imagine how a movement feels during a task (Malouin, Richards, Jackson, Lafleur, 
Durand, & Doyon, 2007), is of particular interest for this study as golf putting has pronounced 
tactile/ ‘feel’ qualities. It is also of particular interest during the use of AO+MI because the visual 
representation of action which would usually be generated by an individual during MI is now being 
provided by an external stimulus, allowing for the emphasis of the kinaesthetic components of MI. 
The implication associated with this hypothesis suggests that removing the need to internally 
generate a visual representation allows the performer to focus their attention on the kinaesthetic 
aspect of an action, while a video provides the relevant visual, temporal, and auditory cues for 
successful performance (Eaves et al., 2016). Furthermore, combining kinaesthetic imagery with 
visual imagery has been shown to produce better results in certain sport related tasks than visual 
imagery alone (e.g. Callow, Jiang Roberts, & Edwards, 2017). Golf putting requires performers to 
have a good kinaesthetic representation of the task. For example, distance control requires ‘feel’ and 
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requires performers to adapt to different scenarios (i.e. feeling differences in slope via changes in 
pressure across the foot). Hence, kinaesthetic imagery ability may have an important influence on the 
efficacy of a MS intervention in a golf putting task.  
The purpose of the current study is to examine how an AO+MI intervention affects 
subsequent performance on a golf putting task. Secondly, we aimed to evaluate whether kinaesthetic 
imagery ability influences the effect of AO+MI on putting performance. Golf putting is an exemplar 
motor skill and is an important determinant of overall golfing performance during play. This is 
exemplified in that approximately 43% of golf strokes are taken with the putter (Pelz, 2000). 
Furthermore, golf putting ability was found to be the most important skill in determining earnings on 
the Professional Golf Association (PGA) Tour (Alexander & Kern, 2005). Previous research in the 
area has also utilised golf putting to measure the effects of MS on the development of skill 
representation (e.g. Land, Frank, & Schack, 2014; Frank, Land, Popp, & Schack, 2014, Frank, Land, 
& Schack, 2016, Kim, Frank, & Schack, 2017), thus, supporting its use in this study. We 
hypothesised that individuals receiving an AO+MI intervention would significantly improve their 
mean putting accuracy and overall consistency in comparison to those completing a passive reading 
control intervention, supporting the effects shown in previous literature (Smith & Holmes, 2004; 
Romano-Smith et al., 2018). Moreover, we hypothesised that individuals who showed superior 




Forty-four right-handed, male golfers (mean age = 46.02, SD = 11.94, mean handicap = 9.52, SD = 
5.33) were recruited from golf clubs in the surrounding Limerick area and provided their informed 
consent prior to participating in the study. Participants were screened to confirm they had not 
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previously received any form of imagery training and were assigned to either a control (n = 22, mean 
age = 47.73, SD = 11.11) or an AO+MI intervention group (n = 22, mean age = 44.32, SD = 12.74). 
Participants in both the control (mean handicap = 11.5, SD = 5.4) and the intervention (mean 
handicap = 7.5, SD = 4.3) groups were also required to have an official Golfing Union of Ireland 
(GUI) handicap to be eligible for inclusion in the experiment. The study was approved by the 
institution’s research ethics board in accordance with the Declaration of Helsinki.  
Equipment  
SAM PuttLab.  
A three-dimensional ultrasound system was used to record putter kinematics during the putting task 
(SAM PuttLab, Science & Motion GmbH, Mainz, Germany, www.scienceandmotion.de). The 
system was set up 50 cm from the initial ball location for each putt and perpendicular to the target 
line (see Figure 1). Dedicated SAM PuttWare Pro software was used to record the 3D position of a 
sensor attached and calibrated to a putter at 210 Hz with a precision of approximately 0.1mm 









Participants began by completing the MIQ-3 (Williams et al., 2012). The MIQ-3 is the most recent 
version of the MIQ (Hall & Pongrac, 1983) and the MIQ-R (Hall & Martin, 1997). It is a twelve-
item questionnaire used to assess participants’ ability to imagine four movements (knee lift, jump, 
arm movement, and waist bend) using internal visual imagery (IVI), external visual imagery (EVI), 
and kinaesthetic imagery (KI). Participants first act out the movement and then rate how vividly they 
could see or feel the different movements from a first person or third person perspective using a 
likert scale from 1-7. The MIQ-3 shows good psychometric properties, internal reliability, and 
predictive validity (Williams et al., 2012) and is widely used as an indicator of imagery ability 
(Eaves, Haythornwaite, and Vogt, 2014; Debarnot, Abichou, Kalenzaga, Sperduti, & Piolino, 2015; 
Gabbard & Lee, 2014). As golf putting is a motor task that relies heavily on ‘feel’ and controlling the 
pace at which the ball is rolled toward the target, we were interested in the influence that kinaesthetic 
imagery ability may have on the efficacy of an AO+MI intervention for enhancing putting 
performance. Therefore, we categorised participants in the AO+MI and Control groups as either 
Good or Poor kinaesthetic imagers (Good KI or Poor KI) if their median score was 6 or higher and 
lower than 6 respectively on the kinaesthetic subscale of the MIQ-3. This is a similar categorisation 
to that used by Seiler, Monsma, and Newman-Norlund (2015). 
 After completing the MIQ-3, a triplet with three 70-Hz ultrasound transmitters was attached 
to each participant’s putter in preparation for kinematic tracking using SAM Puttlab. Each participant 
was allowed a total of 10 practice putts away from the testing area to familiarise themselves with the 
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speed of the flat synthetic putting surface. Participants then entered the test area and the SAM 
PuttLab system was calibrated for each participant. The calibration procedure calibrates the face and 
lie angle of the putter to be 0° when pointing directly in line with an intended target (see figure 1). 
The target was marked on the floor with piece of red electrical tape placed directly in the middle of a 
chalk outline of a golf hole (10.8 cm in diameter) exactly 4.572 m (15 feet) away from the start 
position, consistent with the research of Taylor and Shaw (2002). To ensure the putter face pointed 
directly at the target, a laser was attached such that its beam emanated perpendicular to it and aligned 
onto an object placed on the target.  
  Participants then completed 20 putts with instructions to ‘make the ball stop as close 
to the target as possible’, placing emphasis on participants’ ability to control both speed and line 
(Baseline Test). Following the baseline test, participants either watched a video (3.5 minutes) 
containing a motor imagery script and a pre-recorded video of an expert golfer performing 20 
repetitions of the putting task (AO+MI group) or engaged in a cognitively active reading task 
(Control group) (Smith et al. 2007) for approximately 3.5 minutes. The reading material was golf 
related but did not contain any instructional aides for the participants. Following the intervention for 
both groups, participants again completed 20 putts (Post Test); previous research (Frank et al., 2016) 
has also used 40 putting trials to quantify performance. Any putt that exceeded the boundary of the 
testing area was assigned a score 1540 mm for the axis in which they reached the boundary while the 
score for the other axis was measured as normal (less than 1% of all putts met this criteria). Upon 
finishing the post-test, participants completed a manipulation check which consisted of 5 Likert type 
questions to assess the ease/difficulty of imagery generation. Specific questions included; how easy 
did you find the audio imagery instructions to follow and how easy did you find it to ‘feel’ the task 
elicited in the audio imagery instructions? Based on this manipulation check, we found that 
participants fully understood and engaged with the intervention.  
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AO+MI Intervention.  
For detailed description of the design of the AO+MI intervention see general methods chapter. 
Measures  
 For detailed description of the calculation of distance error measures see general methods 
chapter. 
SAM PuttLab was additionally used to record club face angle at address, club face angle at impact, 
club path, ball direction, and club velocity. Previous well established research (e.g. Toner & Moran, 
2011; Toner, Moran, & Jackson, 2013) has used SAM Puttlab as a reliable method of measuring golf 
putting kinematics, while Karlsen, Smith, & Nilsson (2008) used SAM puttlab to determine that face 
angle and club path were the two most important kinematic variables in overall putting direction 
consistency. 
Data Analysis  
 Statistical analyses were conducted using IBM SPSS software (version 25). Two-way 
(Intervention x Kinaesthetic Imagery Ability) analyses of covariance (ANCOVA) tests were 
conducted for each dependent variable to determine whether Post Test putting performance differed 
between AO+MI and Control groups while controlling for Baseline Test scores. A priori contrasts 
between AO+MI and KI Ability subgroups were conducted based on our hypothesis that KI ability 
would differentially affect the efficacy of the AO+MI intervention on performance. Significance was 
measured at the ≤0.05 level and Cohen’s d effect sizes (d) were calculated to quantify the magnitude 





A total of 44 male participants were included in the current study. Participants in the AO+MI 
intervention (n=22) and control groups (n=22) had mean MIQ-3 KI subscale scores of 5.9 (±SD) and 
5.9 (±SD). As previously mentioned, participants were classified based on their kinaesthetic imagery 
ability. Descriptive statistics of MIQ-3 KI subscale scores for each experimental group are presented 
below in Table 1. 
Table 4.1 
Mean KI ability of each imagery ability and experimental group.  
    KI Ability 
    GOOD  POOR 
Intervention 
AO+MI 6.63 ± 0.33 4.93 ± 1.01 
CONTROL 6.64 ± 0.40 5.37 ± 0.46 
 
Performance 
Upon examining MRE, we found no main effect of intervention (F(1,39) = 2.471, p = 0.124, d = 0.505) 
or kinaesthetic imagery ability (F(1,39) = 0.300, p = 0.587, d=0.180) after controlling for Baseline 
MRE scores. There was also no Intervention-by-KI Ability interaction effect observed ((F(1,43) = 
1.498, p = 0.228, d=0.392). Contrasts did suggest, however, that Good kinaesthetic imagers tended to 
perform better after an AO+MI intervention compared to Good kinaesthetic imagers after a reading 
task Control condition (p = 0.056, d = 0.629) (figure 2a). Poor kinaesthetic imagers did not improve 
from pre to post-intervention (p = 0.773, d = 0.08) (figure 2a). 
Analysis of BVE revealed no main effect of intervention (F(1,39) = 2.405, p = 0.129, d = 0.496) or KI 
ability (F(1,39) = 0.779, p = 0.383, d=0.286) and no interaction between intervention and KI ability 
(F(1,43) = 2.381, p = 0.131, d=0.496) after adjusting for Basline BVRE scores. However, a priori 
contrasts revealed that Good kinaesthetic imagers were less variable in their putting performance 
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following an AO+MI intervention compared to Good kinaesthetic imagers after engaging in a 
Control reading task condition (p = 0.041, d = 0.678) (figure 2b). 
To further establish whether the effect of AO+MI on putting consistency resulted from changes in 
ability to roll the ball on the intented target line or the control of putt speed, we conducted 2-way 
ANCOVAs on the SDs of horizontal (𝑥) and vertical (𝑦) putt distances respectively. While no 
signifcant diffrences were found between groups for horizontal errors (control of line; figure 3a), a 
priori contrasts revealed that Good kinaesthetic imagers in the AO+MI group improved their putting 
consistency more (smaller post vertical (𝑦) SD after controlling for pre scores) than those in the 




Figure 4.2. A: Mean radial error (MRE) scores (±SE) in good and poor kinaesthetic imagers in the 
control (white bars) or AO+MI (black bars) groups. B: Bivariate Error (BVE) scores (±SE) in good 





Figure 4.3. A: Standard deviation of horizontal error scores (±SE) in good and poor kinaesthetic 
imagers in the control (white bars) or AO+MI (black bars) groups. B: Standard deviation of vertical 
error scores (±SE) in good and poor kinaesthetic imagers in the control (white bars) or AO+MI 
(black bars) groups. 
 
Analyses of kinematic variables showed a significant main effect of kinaesthetic imagery ability for 
Post-test maximum putter velocity (F(1, 39) = 4.287, p = 0.045; d = 0.663) after adjusting for Baseline 
Test maximum putter velocity. Specifically, contrasts revealed that Good kinaesthetic imagers had 
lower Post Test max putter velocities compared to Poor kinaesthetic imagers in the AO+MI group 
after adjusting for Baseline Test maximum putter velocity (p = 0.056, d = 0.629). There was no 
significant difference between groups for any of the other kinematic variables.  
4.4 Discussion 
 The aim of this study was firstly to explore the effectiveness of an AO+MI intervention on 
golf putting performance and secondly to establish the moderating effect of kinaesthetic imagery 
ability on the effectiveness of an AO+MI intervention in a skilled population. Overall, results 
demonstrated that participants who were classified as Good kinaesthetic imagers and were 
administered an AO+MI intervention improved both their putting accuracy, as measured via MRE, 
and their putting consistency, as measured via BVE, to a greater extent compared to Good 
kinaesthetic imagers who engaged in a Control reading task condition. 
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 The results demonstrated in the AO+MI condition indicate that combining action observation 
and motor imagery may benefit putting performance specifically for those who show superior 
kinaesthetic imagery ability. Such findings corroborate previous research reporting similar 
improvements in motor performance after AO+MI interventions (see Eaves et al., 2016; Romano-
Smith et al., 2018). Moreover, we found that the improvements in consistency in this study were 
driven by an enhanced ability to control the speed at which the ball was rolled after engaging with an 
AO+MI intervention, highlighting the effectiveness of an AO+MI intervention for controlling 
specific aspects of a motor task.  
The emergence of kinaesthetic imagery ability as a moderator of AO+MI effectiveness on putting is 
important to consider. Based on the results of this study, it may be that when participants are 
provided with a corresponding visual stimulus through the delivery of AO, visual imagery cues 
become less relevant (as they are provided in the video) and kinaesthetic cues provided by the MI 
script become more prominent and relevant. As such, these cues may additionally benefit good 
kinaesthetic imagers, especially for a task such as putting, where kinaesthetic imagery is arguably 
very important. Previous work has shown that kinaesthetic, and not visual, imagery efficiently 
engages the shared cortical circuits corresponding with motor execution for a self-paced internally 
cued task (Toriyama, Ushiba, & Ushiyama, 2018). In the current study, the increased relevance of 
kinaesthetic cues may lead good kinaesthetic imagers to more greatly engage the cortical regions 
shared with the motor execution of the putting task (which is also a self paced internally cued task). 
One way to demonstrate whether good kinaesthetic imagers may be taking advantage of the 
increased relevance of kinaesthetic cues would be to engage two groups of participants in an AO+MI 
intervention whereby one group received an MI script containing only visual cues and one group 
received an MI script containing only kinaesthetic cues. 
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In the putting task used in this experiment, participants were required to hit a ball along a flat surface 
towards a target 3.472 m away. In play however, while golfers may often find themselves with 
similar length putts, the putts may be on a plethora of different slopes such that the control and 
adaption of speed is very important for the varying putts of the same length. In support of this, 
previous research by Hasegawa, Fujii, Miura, & Yamamoto (2017) has in fact demonstrated that 
controlling velocity in golf putting is indicative of expert performance. Given the importance of 
kinaesthetic feedback for controlling putting speed, it may be that the differences in performance 
observed are specifically due to the development of kinaesthetic awareness/ feel associated with 
engaging with AO+MI.  
The practical implications of these findings suggest that AO+MI is potentially a useful tool 
for enhancing performance in performers who are already skilled at a task. Previous literature has 
noted the effectiveness of both imagery (Schuster et al., 2011) and observation (Ashford, Bennett, & 
Davids, 2006). This effectiveness has endured often in spite of various implementation strategies 
including PETTLEP (Wakefield & Smith, 2012) and Layered Stimulus Response Training (Williams 
et al., 2013) for motor imagery, skilled-modelling and self-modelling observational methodologies 
(Ste-Marie et al., 2012). Implementing AO+MI in an applied setting should involve the presentation 
of an appropriate skilled or learning video model, while cueing the performer to imagine the 
kinaesthetic sensations associated with successful performance. Practitioners should also be 
cognisant of the role that kinaesthetic imagery ability seems to have in moderating the effectiveness 
of an AO+MI intervention. Kinaesthetic imagery ability can be readily measured through self-report 
tools like MIQ-3 (e.g. Eaves, Behmer & Vogt, 2016) and VMIQ-2 (e.g. Callow, Jiang, Roberts, & 
Edwards, 2017). Existing evidence suggests that kinaesthetic imagery ability can be developed 
through the use of Layered Stimulus Response Training by breaking down the image into composite, 
easy to image parts before layering these parts upon one another to create a whole image (Cumming 
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et al., 2017). AO+MI has the capacity to be implemented in the absence of, or as an adjunct to 
physical practice, making it a versatile technique for enhancing performance. 
 These early findings in AO+MI add to the emerging AO+MI experimental literature, and 
spark new ideas for MS research to follow. We note that future work should consider these pilot 
data, which demonstrated that poor imagers also benefited from AO+MI. Additionally, the current 
study was constrained at the time to a putting surface measured to be faster than a standard putting 
green surface using a stimpmeter, a device used to measure the speed of a putting green. This 
required participants to make shorter strokes and possibly limited the variability between groups. 
Moreover, the length of the intervention was approximately three and a half minutes which, while 
implemented previously (Smith et al., 2007; Papaxanthis, Pozzo, Skoura, & Schieppati, 2002), may 
be brief based on previously recommended MS intervention durations (Driskell, Copper, & Moran, 
1994) to maximise performance effects. Additionally, the current study was acute, and as such was 
constrained to measuring performance effects associated with a single bout of the AO+MI 
intervention. Future research should seek to examine whether these effects are retained by 
performers through the use of repeated bouts of AO+MI and the use of an appropriate retention 
interval to better understand whether these performance effects endure. We also only compared 
AO+MI to a reading control group, future research should seek to replicate previous literature such 
as Romano-Smith (2018) and Frank et al. (2016) by examining these effects versus an AO group 
alone, and MI group alone to further delineate the differences in effectiveness associated with 
different MS interventions. Additionally, the use of a median split to categorise participants based on 
imagery ability may be seen to be a limitation. Although commonly used to split participants of 
varying imagery ability (e.g., Seiler et al. 2015) the concern generally centres around the minor 
differences between the collection of scores that are present on either side of the median split. 
Perhaps future research, when trying to identify the moderating effects of imagery ability could focus 
on differences between individuals in the top quartile of imagery ability scores compared to the 
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bottom quartile of imagery ability scores in order to better understand the role of ‘high’ levels of 
imagery ability versus ‘low’ levels of imagery ability in simulation based effects. 
 The data demonstrated in figure 4.2, specifically the close alignment of post-test means for 
the control condition and experimental condition could be accounted for by the control conditions 
having higher skill participants (as assessed by golf handicap) and a higher median cut off for 
imagery ability scores. These factors combined with the fast putting surface may have contributed to 
the difficult to interpret result demonstrated in figure 4.2. 
Despite these limitations, the results presented show promising evidence for the efficacy of 
an AO+MI intervention on putting performance. Future research could build on this task and try and 
utilise a more ecologically representative environment (outdoor or indoor putting green). 
Additionally, an exploration into the optimal dose of AO+MI for different tasks is warranted. We 
would also recommend that future research seek to further delineate the role of KI ability in AO+MI 
interventions, specifically the potential mechanism for influencing the effect of AO+MI on 
performance.  Additionally, it would be timely and beneficial for future research to explore the links 
between motor simulation and attentional focus, as each field of study has, to date, largely operated 
independently and in isolation of one another. Both have a motor learning/ performance lens and 
each could benefit from conceptual, methodological and terminological consistency (Brick, 
Macintyre, & Campbell, 2014; Wulf, 2013). Finally, future research should also examine the role of 
AO+MI interventions in athletes or differing expertise and in sports other than golf to see if such 
interventions have similar effects across different expertise levels and across different sport-related 
motor tasks. 
 In summary, the current study provides evidence that AO+MI may enhance putting 
performance in individuals who are already familiar with a motor task. KI ability may also have an 
important role in determining the effect of AO+MI on performance, suggesting that the provision of 
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an external visual stimulus through AO renders the visual component of image generation redundant 
and places increased emphasis on the capacity of an individual to illicit the kinaesthetic sensations 
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As we have outlined throughout the current thesis, it is now well established that physical 
performance can be enhanced through motor simulation strategies such as MI and AO (see recent 
meta-analyses by Toth, McNeill, Moran, Hayes, & Campbell, 2020; Simonsmeier, Andronie, 
Buecker, & Frank (2020); Ashford, Bennett, & Davids, 2006; Driskell, Copper, & Moran, 1994). 
Recently, motor imagery use during action observation (AO+MI) as a combined motor simulation 
strategy has shown to be capable of enhancing motor skill performance and has garnered significant 
research interest (see reviews by Vogt, DiRienzo, Collet, Collins, & Guillot, 2013; Eaves, Riach, 
Holmes, & Wright, 2016). In fact, several studies now provide both behavioural and 
neurophysiological evidence that the application of AO+MI may be more beneficial for motor skill 
performance than either AO or MI in isolation. 
 Emergent behavioural findings suggesting that AO+MI may be more beneficial for enhancing 
performance compared to AO or MI alone date back to Smith and Holmes (2004), who demonstrated 
that combining AO and MI enhanced golf putting performance to a significantly greater degree than 
a traditional, written MI script, or reading control condition. AO+MI has also shown to be a superior 
motor simulation strategy compared to AO and MI individually for improving dart throwing 
performance (Romano-Smith, Wood, Wright, & Wakefield, 2018). During a balancing task, Ram, 
Riggs, Skaling, Landers, and McCullagh (2007), and Taube, Lorch, Zeiter, and Keller (2014) 
demonstrated significant performance improvements during a balancing task following an AO+MI 
intervention when compared to a control condition. In a golf putting task, McNeill, Ramsbottom, 
Toth, and Campbell (2019) demonstrated that skilled golfers who were categorised as good 
kinaesthetic imagers, based on MIQ-3 (Williams et al., 2012) scores, saw significantly greater 
performance improvements after receiving a brief AO+MI intervention than when they were 
subjected to a reading control condition. However, even among the initial evidence, there is still 
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debate whether AO+MI training is indeed superior to MI, and AO alone. Smith and Holmes (2004), 
as mentioned above demonstrated AO+MI to be superior to a written MI script, but the 
implementation was not superior to an audio-based MI script. Romano-Smith et al. (2019) 
conversely showed that engaging in simultaneous AO+MI did not improve throwing kinematics to a 
greater degree than AO or MI conditions alone. 
In addition to the emerging behavioural evidence, neurophysiological research using 
functional magnetic resonance imaging (fMRI) and measures of cortico-spinal excitability suggests 
that AO+MI activates the motor system to a significantly greater extent than AO or MI simulation 
states, independently. Taube et al. (2014) used fMRI to demonstrate that MI, AO, and AO+MI all 
produce unique neural signatures. Specifically, AO+MI was associated with greater activation in the 
supplementary motor area (SMA), basal ganglia, and cerebellum when compared to AO. Compared 
to MI, AO+MI produced greater activation in the bilateral cerebellum, and precuneous. Using single 
pulse transcranial magnetic stimulation (TMS) during a basketball free throw task, Wright et al. 
(2018) demonstrated that engaging with AO+MI facilitated cortico-spinal excitability to a 
significantly greater extent when compared to an AO or control condition. Overall, the above 
evidence suggests that AO+MI may more effectively contribute to improvements in motor 
performance and learning partially by strengthening the cortical pathways associated with motor 
execution (Wright et al., 2018)  
Currently, two theories have been developed to explain the mechanism through which 
AO+MI enhances motor performance. The first theory, the ‘dual-action simulation’ (DAS) 
hypothesis (Vogt et al., 2013), proposes that during AO+MI, both the observed and imagined actions 
are represented simultaneously. Eaves, Turgeon, and Vogt (2012) suggested that this simultaneous 
representation in the cortex would take the form of two sensorimotor cascades which would have the 
capacity to either merge or compete depending on the relevance of the visual and kinaesthetic 
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representations toward future movement execution plans. Eaves et al. (2016) provide early support 
for the DAS hypothesis by demonstrating neural activity during AO+MI, measured using EEG, that 
was greater than the individual sum of activities during AO and MI alone when performing a 
rhythmical hand action. These results suggest that during AO+MI, neural cascades may merge to 
create a stronger representation not reducible to the sum of the two component processes, meaning 
that combining AO+MI may have the capacity to ultimately produce greater changes in performance 
and learning than AO or MI states alone. Recently, Bruton, Holmes, Eaves, Franklin, and Wright 
(2020) provided additional experimental evidence that observed and imagined actions are 
represented simultaneously. Using TMS, EMG, and eye-tracking to measure the neurophysiological 
correlates of AO+MI, Bruton et al. (2020) demonstrated that when controlling for eye movements, 
corticospinal excitability (CSE) was facilitated (increased motor evoked potential (MEP) amplitude) 
for both observed and imagined muscles during a finger abduction task during congruent and 
coordinative AO+MI conditions when compared to a static control condition. The increased MEP 
amplitude observed during the congruent and coordinative AO+MI conditions is suggested to result 
from a merging of the two sensorimotor streams and supports the dual-action simulation hypothesis.  
The second theory, termed the ‘visual guidance’ theory, suggests that during AO+MI, the 
presence of an external visual stimulus during AO removes the necessity to generate an internal 
visual representation of the performed task. As a result, the availability of additional attentional 
resources would facilitate the generation of a stronger kinaesthetic representation of the task within 
the structure of the provided visual stimulus (Holmes & Calmels, 2008; Eaves et al., 2016, Meers, 
Nuttall, & Vogt, 2020). In support of the visual guidance theory, recent experimental work 
conducted by Meers et al. (2020) demonstrated that when AO+MI is applied during finger abduction 
tasks, MI appears to be the dominant catalyst of corticospinal facilitation. Specifically, they highlight 
that the AO component across their experimental conditions (congruent AO+MI, incongruent 
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AO+MI, and pure AO) did not generate MEP amplitudes beyond baseline. However, strong MI-
related MEP amplitudes were observed during AO+MI conditions, suggesting that CSE during 
AO+MI may be driven by MI. The authors suggest that these results are supportive of the ‘visual 
guidance’ hypothesis whereby task relevant AO is simply used as a guide for MI processes during 
AO+MI. Overall, further research is necessary to identify the true mechanism through which AO+MI 
facilitates performance. 
Despite the promise of AO+MI as an effective MS intervention, there is a relative dearth of 
research examining AO+MI effects across different levels of expertise. Recently, McNeill, Toth, 
Harrison, and Campbell (2019) summarized and predicted the relative effect of different simulation 
states on performance across expertise levels through a proposed ‘Motor Simulation and 
Performance Model’ (MSPM). The MSPM hypothesizes that AO+MI will enhance performance to a 
greater degree than MI or AO alone. It further suggests that while novice performers will more 
greatly benefit from AO alone, compared to MI alone, skilled performers will more greatly benefit 
from MI compared to AO. These hypotheses are predicated on the idea that skilled performers have 
developed detailed mental representations of task specific motor skills (Land et al., 2013) and would 
be able to engage with these well-established representations in working memory during MI and 
AO+MI to enhance performance. Support for this idea extends from evidence demonstrating that 
those with superior imagery ability selectively use MI as a strategy when completing working 
memory tasks, while those with inferior imagery ability use alternative strategies (Pearson, Naselaris, 
Holmes, & Kosslyn, 2015; Pearson & Keogh, 2019). Conversely, novice performers may more 
greatly benefit from AO specifically because they are provided with a visual stimulus of the novel 
motor skill being correctly performed. The potential for AO+MI to provide additional benefit 
compared to the individual simulation states, could be explained two-fold; in novices, the AO 
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component provides a contextual reference to facilitate the use of MI and development of mental 
representations, while in experts the AO may act as a visual guide for MI processes. 
 Overall, as experimental research continues to examine AO+MI implementation across 
numerous motor tasks, addressing two specific knowledge gaps should greatly enhance our ability to 
successfully apply AO+MI interventions to facilitate sport, rehabilitation and overall skilled motor 
performance. Firstly, further support is needed to confirm the additional performance benefit of 
AO+MI when compared to MI or AO alone. Secondly, better understanding who may benefit most 
greatly from AO+MI will inform recommendations regarding the level of expertise where AO+MI 
would be best implemented.  
  Accordingly, the purpose of the current study is twofold. First, this study aims to compare the 
efficacy of motor simulation (MS) interventions on putting performance between high and low 
skilled putters. Previous research in motor simulation has successfully demonstrated golf putting to 
be an exemplar sensorimotor skill to evaluate the effects of MS on sensorimotor performance (e.g., 
Land, Frank, & Schack, 2014; Frank, Land, Popp, & Schack, 2014, Frank, Land, & Schack, 2016, 
Kim, Frank, & Schack, 2017). We hypothesised that highly skilled participants would benefit more 
from MI and AO+MI, and less from AO, when compared to low skilled participants who engaged 
with the same MS interventions. Secondly, this study aims to compare the effectiveness of two 
separate AO+MI conditions, dynamic AO+MI (AO+MId) and static AO+MI (AO+MIs) (for detailed 
description of these conditions please see the methods section) against an AO alone, MI alone, and a 
reading control condition on golf putting performance within putters of similar expertise. We 
specifically predict that AO+MIs and AO+MId conditions will facilitate putting performance (as 
represented by accuracy and consistency measures) to a greater extent than the control, AO alone, 
and MI alone conditions within the high skilled group. We also predict that the AO+MI conditions 
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will facilitate putting performance to a greater extent than the control, AO alone, and MI alone 
conditions within the low skilled group.  
5.2 Methods 
Participants 
 One hundred and forty-four (N=144) right-handed, male participants (mean age= 41.08 years, 
SD= 12.4) provided informed written consent prior to their inclusion in the current study. The study 
was approved by the institution’s research ethics board in accordance with the Declaration of 
Helsinki. 96 of the included participants were active golfers recruited from golf clubs in the 
surrounding area, and the remaining 48 had no prior golf experience. Participants were randomly 
assigned to one of five experimental conditions; dynamic AO+MI (AO+MId) (n=31), static AO+MI 
(AO+MIs) (n=28), MI alone (n=28), AO alone (n=27), or a reading control condition (n=30). 
Typically, golfers are categorised according to an official golf handicap, however this is at best an 
indirect measure of putting ability. We have categorised participants here based on putting 
performance directly by using a state-of-the-art SAM Puttlab (described in detail below). We 
differentiated high and low skilled putters among the 96 active golfers based on their measured mean 
consistency scores, where any participant whose score was below the mean (68.2%) was categorised 
as low skilled. The consistency scores of the 48 non-golfers were not included at this point, as scores 
were so low (Mean 38.34%; SD=13.67%) their inclusion led to an incorrect classification of ‘skilled’ 
putters. The mean consistency score for experienced golfers categorised in the low skilled putter 
group was 58.68% (SD=9.83), n=93, and the mean consistency score for experienced golfers in the 
high skilled putter group was 77.62% (SD=4.99), n=51. Following the categorisation of putting 
expertise groups, the number of participants in each experimental condition were as follows; 
AO+MId (high, n=13; low, n=18), AO+MIs (high, n=8; low, n=20), MI (high, n=10; low, n=18), AO 




Science and Motion (SAM) PuttLab 
A three-dimensional ultrasound camera system was used to record putter kinematics during 
the putting task (SAM PuttLab, Science & Motion GmbH, Mainz, Germany, 
www.scienceandmotion.de). The SAM Puttlab has been used in previously published putting task 
research (e.g. McNeill et al., 2020; Toner & Moran, 2011; Toner, Moran, & Jackson, 2013) and is 
considered to be highly reliable for measuring putter kinematics in both research and applied golf 
coaching contexts. The device includes a 48 g sensor that attaches to the putter, and a base station 
that records the 3D position of a sensor at a sample rate of 210 Hz with a resolution of approximately 
0.1 mm and 0.1 degree (Marquardt, 2007; Karlsen, Smith, & Nilsson, 2008; Malhotra, Poolton, 
Wilson, Omuro, & Masters, 2015).  
Procedure 
 Participants began the testing procedure by completing the Vividness of Movement Imagery 
Questionnaire 2 (VMIQ-2) (Roberts, Callow, Hardy, Maarkland, & Bringer, 2008). The VMIQ-2 is a 
12-item questionnaire which assesses how vividly an individual can imagine performing twelve 
separate movements. The VMIQ-2 has been previously demonstrated to have good factorial, 
construct, and concurrent validity (Roberts et al. 2008). Image vividness was assessed for each 
participant by having them rate on a five point Likert scale how clearly they could imagine 
performing each movement (ranging from 1, perfectly clear and vivid, to 5, no image at all) from 
three different perspectives; Internal Visual Imagery (IVI), External Visual Imagery (EVI), and 
Kinaesthetic Imagery (KI). 
 Once the VMIQ-2 was completed, each participant’s putter was fitted with the SAM PuttLab 
sensor required for kinematic tracking. Participants then completed 10 practice putts on the testing 
area to familiarise themselves with the speed of the indoor, synthetic grass putting surface. The 
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synthetic grass putting area was 7.2 m by 2 m and was located in an indoor biomechanics research 
lab (see Figure 1). The practice putts were taken from a different location on the testing surface from 
where the actual putting task was to take place to mitigate a pre-baseline practice effect. The SAM 
Puttlab sensor was then calibrated for each participant. The calibration procedure calibrates the face 
and lie angle of the putter to be 0° when pointing directly at the intended target. During calibration, a 
laser was attached to the putter face to ensure the putter face was pointed directly at the target. The 
target was a chalk outline of a golf hole (10.8 cm in diameter), 4.572 m from the ball’s start position 
for each putt. A chalk outline was used to prevent potential inaccuracies in calculating putt accuracy 
that could be influenced by deflections from a conventional golf hole.  
 
Figure 5.1. Experimental set up and AO perspectives. 
 Following the calibration process, participants completed a Baseline test consisting of two ten 
putt blocks (20 putts total). Previous research has shown similar trial numbers to be sufficient for 
quantifying putting performance (Frank, Land, & Schack, 2016). Participants were instructed to ‘stop 
the ball on the target’. Following the completion of the Baseline test, participants engaged with the 
experimental condition that they were assigned to (see below for more details on experimental 
conditions). Each experimental condition took twenty minutes to complete. Twenty minutes was 
chosen as previous meta-analytic findings have suggested 20 minutes to be an optimal session 
duration for incurring benefit from motor simulation interventions (Driskell et al., 1994, Toth et al., 
2020). Following the experimental condition, participants performed a 20-putt Post-test in the same 
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fashion as the Baseline test. Following this Post-test, participants were given a Likert type 




 Participants in the AO+MId condition were presented with a video showing an expert golfer 
performing the same putt as the one completed in the experimental task. The video depicted the 
golfer executing the putt from four perspectives; Saggital view of the golfer, frontal view of the 
golfer, view of only the putter down the target line, and first-person perspective (Figure 1). The 
perspectives were presented in split screen such that two of the perspectives were presented at a time 
and alternated with the other perspectives following the completion of each putt on video. The video 
contained twenty trials lasting 9 minutes in total, after which participants were given a two-minute 
break before re-watching the video. The AO+MId condition lasted 20 minutes in total (all the 
experimental conditions were temporally matched). The video was presented on a 70 cm high-
definition monitor, positioned so that participants could watch from the starting position of the 
putting task. While watching the video, participants simultaneously listened to a motor imagery 
script. The motor imagery script consisted of eleven sentences describing 7 visual and 7 kinaesthetic 
cues associated with successful performance of the putting task (see appendix). The imagery script 
was developed in line with Cooley, Williams, Burns, and Cumming (2013), and Williams, Cooley, 
Newell, Weibull, and Cumming’s (2013) guidelines for developing effective imagery scripts for 
athletes. An audio script was chosen to facilitate the implementation of the script alongside the AO 
video. Previous work has determined video and audio imagery modalities to be significantly more 
effective than written scripts (Smith and Holmes, 2004). Participants in the AO+MId group were 
also free to hold and use their putter to mimic physical execution during the AO+MI video. This was 
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the only group permitted to mimic execution in this way. Participants were instructed to ‘attend to 
the observation video as closely as possible, while imagining what it looks, and feels like to complete 
the putting task’.   
AO+MIs Condition 
Participants in the AO+MIs condition completed an identical procedure to the AO+MId 
group, however, they were not allowed to hold a putter during the intervention, and were instructed 
to ‘avoid physically mimicking a putting stroke’. 
MI Condition 
Participants in the (MI) condition listened to the same audio imagery script as those in the 
AO+MI conditions. Participants were instructed to ‘attend to the imagery script as closely as possible 
and imagine what it looks, and feels like to complete the putting task’. Participants in this group did 
not watch any observational material. 
AO Condition 
 Participants in the AO condition received only the 20-minute observational video, with no 
imagery script. Participants were instructed to ‘attend to the observational video as closely as 
possible’.  
Control Condition 
Participants in the control group engaged in a cognitively active reading task similar to that 
used by McNeill et al. (2019) and Smith, Wright, and Cantwell (2008). The reading material was 




 After each putt, the final horizontal (𝑥) and vertical (𝑦) distance each ball finished from the 
target was measured. The (𝑥, 𝑦) co-ordinates were used to calculate the accuracy and consistency of 
both the Baseline and Post-test putting performances. Accuracy was calculated by determining the 
mean distance that the group of 20 putts in either the Baseline or Post-tests finished from the target in 
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 Consistency was assessed for each participant’s Baseline and Post-test performances by 
calculating the bivariate error (BVE) among the 20 putts before and after the intervention 
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 Both MRE and BVE are examples of accuracy and consistency measures that have been 
previously used to evaluate target-based performance (e.g. Frank, Land, & Schack, 2013; Frank, 
Land, & Schack, 2016; Hancock, Butler, & Fischman, 1995). Average club face angle at address 
(Aim), club face angle at impact, ball direction, and overall putting kinematic consistency were also 
calculated for Baseline and Post-test performances for each participant using SAM PuttLab recorded 
measures.  
To calculate the change in each participants performance normalized to their own baseline 
scores, Baseline and Post MRE, BVE, and kinematic scores were used to calculate percent change 
scores (% ∆ Scores) for each participant. The calculation of percentage change scores is commonly 
used method for determining change in performance (e.g., Benedict & Zgaljardic, 1998; Collie, 
Maruf, Darby, & McStephen, 2003). Percent change scores were calculated using equation 3.  
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶ℎ𝑎𝑛𝑔𝑒 = − (
𝑃𝑜𝑠𝑡−𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
) × 100   Eq3.  
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% ∆ scores were averaged across all participants within each unique experimental condition and 
expertise group. 
Data Analysis 
Tables 1 and 2 show average Baseline and Post test scores, % change (∆) scores and Post-
Baseline effect sizes for all dependent variables within High and Low skilled putter groups 
respectively. Statistical analyses were conducted using IBM SPSS software (version 25). Normality 
was assessed by the Shapiro-Wilk test and investigating histogram and Q-Q plots. Where data were 
not normally distributed, outliers exceeding 1.5 x the interquartile range were removed. Data from 1 
participant was removed in this way. Independent samples t-tests were first conducted to compare 
both the Baseline accuracy (MRE) and consistency (BVE) between participants in the high and low 
skilled putter groups. High skilled participants were both more accurate (MRE t(142)=-7.623, p<.001) 
and consistent (BVE t(142)= -8.175, p<.001) than low skilled participants.  
To examine the hypotheses set out in the introduction, 5 two-way (expertise group x 
experimental condition) ANOVAs were conducted to examine the effect of expertise and MS 
intervention on outcome measures of accuracy (MRE %∆), and consistency (BVE %∆), as well as 
kinematic measures (aim %∆, ball direction %∆, and club face at impact %∆). A Sidak adjustment 









Table 5.1. Baseline and Post performance scores, Post-Baseline effect sizes and % change (% ∆) 
scores for all dependent variables across MS conditions in the high skilled putter group. Effects that 
are considered to be moderate-large in size are represented in bold. 
Condition Measure N 
Baseline Mean 
(SD) Post Mean (SD) 
Post-Baseline 
Effect Size (d) % ∆  
AO+MId       
 MRE (mm) 13 301.7 (91.4) 249.5 (71.2) 0.637 17.30%  
 BVE (mm) 13 335.9 (95.3) 279.5 (75.7) 0.655 16.79%  
 Aim (°) 13 0.7 (1.8) 0.2 (1.8) 0.268 71.43%  
 Ball Direction (°) 13 0.8 (.9) 0.2 (.9) 0.590 75.00%  
 Face at Impact (°) 13 1.3 (1.1) 0.8 (1.0) 0.554 38.46%  
AO+MIs       
 MRE (mm) 8 301.1 (63.9) 242.1 (50.9) 1.021 19.59%  
 BVE (mm) 8 365.3 (87.9) 284.4 (65.3) 1.045 22.15% 
 Aim (°) 8 1.2 (.8) 0.9 (.9) 0.360 25.08% 
 Ball Direction (°) 8 0.6 (.5) -0.2 (.5) 1.401 133.26%  
 Face at Impact (°) 8 0.6 (.8) -0.1 (.7) 0.962 116.67% 
AO       
 MRE (mm) 7 252.6 (34.6) 287.5 (61.9) 0.696 -13.81%  
 BVE (mm) 7 306.9 (49.1) 333.8 (73.8) 0.428 -8.76%  
 Aim (°) 7 0.6 (1.5) 1.1 (1.9) 0.317 -83.31%  
 Ball Direction (°) 7 0.8 (1.3) 0.7 (1.0) 0.108 12.50%  
 Face at Impact (°) 7 1.5 (1.3) 1.3 (.9) 0.148 13.3%  
MI       
 MRE (mm) 9 295.2 (56.8) 249.9 (73.9) 0.686 15.35%  
 BVE (mm) 9 341.5(79.2) 296.7 (89.2) 0.531 13.12%  
 Aim (°) 9 -0.6 (1.6) -0.3 (1.8) 0.174 49.9%  
 Ball Direction (°) 9 -0.2 (1.0) 0.0 (.8) 0.168 55.01%  
 Face at Impact (°) 9 -0.2 (.9) -0.0 (.6) 0.204 99.98%  
Control       
 MRE (mm) 13 236.1 (44.8) 246.8 (50.6) 0.224 -4.53%  
 BVE (mm) 13 283.2 (72.6) 269.8 (40.3)          0.227 4.73%  
 Aim (°) 13 0.9 (2.1) 0.8 (2.3) 0.056 11.11%  
 Ball Direction (°) 13 0.3 (.9) 0.0 (1.2) 0.236 96.66%  
 Face at Impact (°) 13 0.8 (1.1) 0.5 (1.3) 0.264 37.52%  





Table 5.2. Baseline and Post performance scores, Post-Baseline effect sizes and % change (% ∆) 
scores for all dependent variables across MS conditions in the low skilled putter group. 
 
5.3 Results 
Imagery Ability Descriptive Statistics 
The overall mean value of all participants for the external visual imagery (EVI) subscale was 2.44 (SD=.81) 
which corresponds to self-reported ‘clear and reasonably vivid’ image generation. In the internal visual 
Condition Measure N Baseline Mean (SD) Post Mean (SD) 
Post-Baseline 
Effect Size (d) % ∆  
AO+MId       
 MRE (mm) 18 513.3 (244.8) 511.7 (54.3) 0.028 0.31%  
 BVE (mm) 18 586.5 (246.5) 580.5 (241.3) 0.024 1.02%  
 Aim (  ̊) 18 1.3 (2.4) 1.2 (2.1) 0.043 7.69%  
 Ball Direction ( ̊ ) 18 1.6 (1.7) 1.6 (1.5) 0.013 0%  
 Face at Impact (  ̊) 18 1.8 (1.9) 1.6 (1.7) 0.102 11.11%  
AO+MIs       
 MRE (mm) 20 523.4 (241.9) 475.4 (177.1) 0.226 9.17%  
 BVE (mm) 20 621.0 (256.6) 569.5 (202.4) 0.223 8.29%  
 Aim (  ̊) 20 0.1 (2.9) 1.5 (2.9) 0.173 -1400.00% 
 Ball Direction ( ̊ ) 20 0.2 (1.5) 0.4 (1.5) 0.124 -99.86%  
 Face at Impact (  ̊) 20 0.5 (1.6) 0.6 (1.7) 0.097 -19.94%  
AO       
 MRE (mm) 20 478.3 (175.1) 485.5 (208.4) 0.037 -1.51%  
 BVE (mm) 20 583.1 (212.2) 585.6 (251.4) 0.011 -0.43%  
 Aim (  ̊) 20 1.5 (2.1) 1.8 (2.1) 0.158 -19.96%  
 Ball Direction ( ̊ ) 20 0.9 (1.3) 1.0 (1.5) 0.059 -11.11%  
 Face at Impact (  ̊) 20 1.3 (1.2) 1.2 (1.6) 0.065 7.69%  
MI       
 MRE (mm) 18 504.5 (21.7) 457.8 (212.8) 0.219 9.26%  
 BVE (mm) 18 608.7 (248.0) 549.0 (245.4) 0.242 9.81%  
 Aim (  ̊) 18 1.8 (2.9) 1.7 (2.9) 0.022 5.56%  
 Ball Direction ( ̊ ) 18 1.1 (1.2) 1.0 (1.4) 0.060 9.9%  
 Face at Impact (  ̊) 18 1.4 (1.2) 1.2 (1.4) 0.144 14.29% 
Control       
 MRE (mm) 17 543.5 (204.1) 493.7 (222.6) 0.233 9.16%  
 BVE (mm) 17 659.1 (267.5) 599.0 (259.6) 0.228 9.12%  
 Aim (  ̊) 17 1.6 (2.7) 1.3 (2.7) 0.086 18.75%  
 Ball Direction ( ̊ ) 17 1.2 (1.6) 0.8 (1.6) 0.239 33.4%  
 Face at Impact (  ̊) 17 1.3 (1.6) 0.9 (1.6) 0.226 30.78%  
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imagery (IVI) subscale the mean value was 1.75 (SD=.53) which corresponds to self-reported ‘perfectly clear 
and vivid’ imagery use, similarly the mean value for the kinaesthetic imagery (KI) subscale was 1.82 
(SD=.52). The imagery ability scores for each subscale across experimental conditions are reported below in 
table 5.3. The were no significant differences between the VMIQ-2 scores of any of the experimental 
conditions. 
Table 5.3. Mean VMIQ-2 scores. 
Condition   IVI (SD) EVI(SD) KI(SD) 
     
AO+MId  1.60 (.37) 2.28 (.76) 1.58 (.39) 
AO+MIs  1.96 (.58) 2.54 (.15) 2.05 (.34) 
AO  1.83 (.56) 2.56 (.14) 1.93 (.58) 
MI  1.69 (.51) 2.47 (.83) 1.75 (.55) 
Control   1.68 (.60) 2.41 (.92) 1.80 (.62) 
 
Manipulation Check Data 
Manipulation check data for the AO, AO+MId, and AO+MIs conditions suggested that participants found the 
AO stimulus easy to follow (M=5.81, SD=1.02; M=6.11, SD=1.47, M=6.25, SD=1.36), found the face on 
video perspective easy to follow (M=5.23, SD=1.86, M=5.19, SD=1.50, M=5.9, SD=1.91), found the full 
body (down the line) video perspective very easy to follow (M=5.85, SD=1.71, M=6.08, SD=1.84, M=5.97, 
SD=2.06).  
For ease of imagery use, participants in the MI, AO+MId, and AO+MIs conditions found the audio 
imagery instructions very easy to follow (M=6.16, SD=1.66; M=5.74, SD=1.91, M=6.37, SD=1.49), found it 
easy to ‘feel’ the task elicited in the imagery script (M=5.41, SD=1.94; M=5.62, SD=1.68, M=5.43, 
SD=2.10), and found it easy to ‘see’ the task elicited in the audio imagery script  (M=5.50, SD=1.61; M=5.83, 
SD=1.70, M=5.18, SD=1.92). For perspective of imagery used, participants used first person perspective 
imagery very often (M=5.79, SD=1.11; M=5.47, SD=1.33; M=5.98, SD=1.64), and third person perspective 
often (M=4.89, SD=1.99; M=4.96, SD=1.68, M=5.03, SD=2.13). There were no significant differences 




Measures of Outcome Performance Change 
MRE %∆ 
A two-way ANOVA was conducted that examined the effect of putting expertise and experimental 
condition on accuracy (MRE %∆). While there was no statistically significant main effect for putting 
expertise (F(1,133)=.252, p=.616, d=.09), or experimental condition (F(4,133)=2.310, p=.061, 
d=.50) on MRE %∆, a significant interaction effect was found (F(4,133)= 2.752, p=.031, d=.57). 
Based on the first hypothesis that highly skilled participants would benefit more from MI and 
AO+MI, and less from AO, when compared to low skilled participants who engaged with the same 
MS interventions, we compared the change in accuracy performance between high and low skilled 
putters within each experimental condition. Overall, performance accuracy improvements between 
expertise groups were not significantly different for any of the experimental conditions; MI (p=.286,  
d=.19, 95% CI [-8.656, 29.117]), AO (p=.219, d=.21, 95% CI [-33.001, 7.632]), AO+MIs (p=.201, 
d=.22, 95% CI [-6.774, 31.932]), AO+MId (p=.059, d=.33, 95% CI [-.629, 33.048]), control (p=.069, 
d=.32, 95% CI[-1.232, 32.857]).  
The second aim of the current study was to compare the effectiveness of two separate 
AO+MI conditions, AO+MId and AO+MIs against an AO alone, MI alone, and a reading control 
condition on golf putting performance within putters of similar expertise. We hypothesised that 
AO+MIs and AO+MId conditions would facilitate putting performance to a greater degree than the 
control, AO alone, and MI alone conditions within the high skilled group. We also suggested that the 
AO+MI conditions would facilitate putting performance to a greater extent than the control, AO 
alone, and MI alone conditions within the low skilled group. Pairwise comparisons based on a-priori 
hypotheses demonstrated that participants in the high skilled group who engaged with AO+MIs 
(p=.009, d=1.70, 95% CI[8.197, 56.083]), AO+MId (p=.011, d=1.360, 95% CI [6.569, 49.946]), and 
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MI (p=.017, d=1.267, 95% CI[5.069, 51.697] ), demonstrated greater improvements in accuracy than 
those in the AO condition. When compared to the control condition, the those in the AO+MIs 
(p=.026, d=1.34, 95% CI [2.841, 44.418] and AO+MId (p=.033, d=1.00, 95% CI [1.602, 37.893] 
conditions demonstrated a significantly greater improvement in accuracy. The difference in 
improvement between the MI and control conditions was large but not statistically significant 
(p=.052, d=.844, 95% CI [-.188, 39.934]). In the low skilled expertise group, no significant 
differences in MRE%∆ improvements were found among experimental conditions F(4,133)=.857, 
p=.492, d=0.30. (see figure 2). 
According to the MSPM (McNeill et al., 2019), it was predicted that AO+MI would be the 
most efficacious at improving performance even when accounting for expertise group. When pooling 
for expertise, participants were found to demonstrate greater accuracy improvements following the 
MI (p=.017, d=0.47, 95% CI [3.057, 30.796]), AO+MIs (p=.007, d=0.72, 95% CI [5.479, 33.538]), 
and AO+MId (p=.040, d=0.41, 95% CI[.617, 27.004]) conditions compared to those in the AO 
condition. 




Figure 5.2. MRE (A) and BVE (B) percentage change scores for each MS intervention in the high 
skilled putter group. Φ denotes significant differences compared to both Control and AO conditions 
and * denotes a significant difference compared to only AO, where p<0.05.  
 
BVE%∆ 
A two-way ANOVA was conducted to examine the effects of putting expertise and experimental 
condition on participants’ ability to alter their putting consistency (BVE %∆). There was no 
significant main effect for putting expertise (F(1,133)=.642, p=.424, d=.12) or experimental 
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condition (F(4,133)=1.623, p=.172, d=.44), and no significant interaction was found (F(4,133)= 
1.551, p=.191, d=.43).  
To address the hypothesis that highly skilled participants would benefit more from MI and AO+MI, 
and less from AO, when compared to low skilled participants who engaged with the same MS 
interventions, we compared the change in consistency performance between high and low skilled 
putters within each experimental condition. Overall, performance consistency improvements 
between expertise groups were not significantly different within any of the experimental conditions; 
MI (p=.635, d=.09), AO (p=.347, d=.17), AO+MIs (p=.151, d=.25), AO+MId, (p=.080, d=.59), 
Control (p=.405, d=.14). In addressing whether consistency scores differed between MS 
interventions among either low or high skilled putter groups independently, we conducted pairwise 
comparisons based on our a priori hypotheses which demonstrated that those in the high skilled 
group who engaged with AO+MIs (p=.016, d=1.30, 95%CI[5.851, 56.495], or AO+MId (p=.032, 
d=1.03, 95%CI [2.228, 48.103] improved their performance to a significantly greater degree than 
those who engaged with the AO condition. No significant pairwise comparisons were found among 





Figure 5.3. MRE (A) and BVE (B) percentage change scores for each MS intervention in the low 
skilled putter group. Horizontal lines denote group mean % ∆ scores, dots indicate individual 






Three separate two-way ANOVAs were conducted to examine the effects of putting expertise and 
experimental condition on aim %∆, ball direction %∆, and club face at impact %∆. No significant 
main effect for putting expertise was found for aim %∆ (F(1,133)=2.595, p=.110, d=.28), ball 
direction %∆ (F(1,133)=1.137, p=.288, d=.6), or club face at impact %∆ (F(1,133)=2.470, p=.118, 
d=.27). No main effect was found for experimental condition for aim %∆ (F(4,133)=.595, p=.667, 
d=.27), ball direction %∆ (F(4,133)=.652, p=.627, d=.28), or club face at impact %∆ (F(4,133)=.478, 
p=.752, d=.35). Finally, no significant interaction between the effects of putting expertise and 
experimental condition were found for aim %∆ (F(4, 133)=1.318, p=.267, d=.40), ball direction %∆ 
(F(4,133)=2.092, p=.085, d=.50), or club face at impact %∆ (F(4,133)=1.017, p=.401, d=0.35).  
 
5.4 Discussion 
The current study firstly aimed to identify whether expertise moderated the effect of MS 
interventions on sensorimotor performance. While the difference in performance change between 
high skilled and low skilled putters was not statistically different for any experimental condition, 
investigation of 95% CIs around the mean difference in performance change demonstrates that high 
skilled putters did tend to increase their accuracy to a greater extent when engaging specifically in 
MI (95% CI[ -8.656, 29.117]), AO+MIs (95% CI[-6.774, 31.932]), and AO+MId (95% CI[-0.629, 
33.048]) when compared to low skilled putters (Supplementary Table 1). In the case of high skilled 
performers AO alone also tends to hinder performance when compared to low skilled performers 
(95% CI [-33.001, 7.632])     
Secondly, this study compared the efficacy of five different experimental conditions among 
putters of similar expertise. High skilled participants elicited greater performance benefit when 
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engaging in conditions which included MI (MI alone, AO+MIs, and AO+MId) when compared to 
AO alone or a Control condition. In the low skilled group, there were no significant differences in 
the performance change caused by the different experimental conditions. 
To date, much of the experimental literature has over relied on the use of novice samples to 
test their hypotheses (Toth et al., 2020). The current study is one of the few to compare a large 
sample of high and low skilled performers, and provides evidence that skilled performers may 
preferentially benefit from both acute AO+MI and MI interventions.  
Effect of MS interventions on High Skilled Putters  
High skilled participants in both AO+MI groups, and the MI condition significantly improved 
their accuracy (MRE) to a greater extent than those in the AO condition. Participants in both AO+MI 
groups also improved their MRE performance to a significantly greater extent than those in the 
control condition. The improvement effects were moderate (Cohen, 1988), suggesting that the 
magnitude of performance benefit observed is functionally relevant and further supports that AO+MI 
can positively affect sensorimotor (golf putting) performance. Moreover, that high skilled putters in 
the AO+MI group improved their MRE performance supports the hypothesis proposed in the MSPM 
that high skilled performers would be able to improve their performance following engagement with 
AO+MI (McNeill et al., 2020).  
 Our findings that high skilled participants preferentially benefitted from MI and AO+MI 
interventions corroborates previous research, suggesting that skilled performers possess a well-
established mental representation of the motor task, allowing them to contextualise the information 
presented through AO+MI in a manner which facilitates performance (Land et al., 2013). 
Additionally, these representations are fundamental to the mechanism through which MI exerts its 
effect. These representations are recalled from memory and allow the imager to ‘re-experience’ a 
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version of the original visual and spatial stimuli (Pearson et al., 2015). Given that skilled performers 
have extensive experience upon which to recall when engaging in MI, they may be best positioned to 
benefit from MI in a mental practice context. Moreover, that we see skilled performers benefit 
specifically from acute bouts of both MI and AO+MI practice and not AO offers behavioural support 
for the interpretation provided by Meers et al. (2020) regarding the cognitive mechanism underlying 
AO+MI effect. They suggest that the neurophysiological effects during AO+MI are largely driven by 
the MI component. 
That high skilled participants did not improve their putting following the AO alone condition 
may be due to the method of AO implementation in the current study. The AO+MI conditions in this 
study are examples of coordinative AO+MI, considered in the context of Vogt et al. (2013). As 
stated previously, coordinative AO+MI refers to imagining performing a task while observing a 
closely related task. It may be the case that using a self-modelled paradigm to represent congruent 
AO+MI, in which participants specifically view themselves performing the targeted action, could be 
more beneficial for improving task performance. The expert model provided in the AO video, despite 
showing technical proficiency, may in some way conflict with the existing model represented 
specifically in the minds of higher skilled individuals. A stage one registered report has been 
published on this topic where McNeill, Ramsbottom, Toth, and Campbell (2020) will directly test the 
hypothesis that a self-modelled AO+MI condition may superiorly improve performance compared to 
an expert-modelled (coordinative) AO+MI condition in skilled golfers. The results of this study will 
assist in clarifying how AO+MI implementation may moderate performance improvements.   
Effect of MS interventions on Low Skilled Putters  
In the low skilled group, we found no significant difference in benefit among participants 
engaging with the different MS interventions. These results conflict with those demonstrated by 
Romano-Smith et al. (2018, 2019). Further examination of the 95% confidence intervals around the 
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differences among MS interventions in this group suggest the upper and lower CI bounds are evenly 
distributed through 0 (Supplementary Table 1). Ultimately, this suggests that MS conditions are just 
as likely to have a positive and negative effect relative to one another among low skilled participants. 
This somewhat conflicts with the hypotheses of the MSPM, which suggests that MS intervention 
incorporating AO would be of particular usefulness to low skilled performers, and should be 
considered in future interpretations of the model. Two potential explanations for these results relate 
to the task performance variability exhibited by lower skilled individuals and that lower skilled 
performers may be too cognitively taxed by MS interventions. 
Firstly, low skilled performers have a level of inter task variability that makes it difficult to 
identify performance differences among motor simulation tasks when conducted over a single acute 
experimental session. Specifically, low skilled performers have demonstrated less neural efficiency 
during task performance in comparison to their more skilled counterparts (Kim et al., 2014). By 
neural efficiency, we refer to reduced activity across relevant brain regions as task specific expertise 
is developed (Debarnot et al., 2014). Thus, it may be the case that MS interventions can positively 
affect performance in lower skilled performers but that additional test sessions may be required to 
resolve their benefit in low skilled participants. Previous research, (e.g., Romano-Smith et al., 2018) 
has demonstrated that novice participants who practiced AO+MI twice a week for six weeks 
significantly improved their dart throwing performance. Additionally, Toth et al. (2020) suggested 
that MI interventions lasting 20 minutes per session spread over a period of 4-6 weeks were 
associated with the greatest performance improvements. This may partly explain why novice 
performers were shown to improve over six weeks by Romano-Smith et al., (2018; 2019) but were 
not able to improve their performance through engagement with the acute MS interventions 
implemented in the current study. To further explore whether longer MS bouts might benefit lower 
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skilled performers, we recommend that future research would seek to adapt the current methodology 
here within a longitudinal research design. 
Secondly, it may be the case that the addition of AO, MI, or AO+MI, additionally over-taxes 
already inefficient cognitive processes in low skilled performers that actually hinders performance 
improvements in this group (Callan & Naito, 2014). Evidence of this can be observed in Figure 3, 
where some low skilled individuals are observed to regress following the MS conditions. This 
regression may also be explained by the fact that low skilled participants may not know what to do 
contextually with the information presented in the MS condition as it related to task performance. 
When considering the imagery script content provided to the low skilled group, the script included 
detailed visual and kinaesthetic cues related to the execution of a golf putt. It may have been that the 
script was too detailed or contained too much information, making it difficult for low skilled 
participants to incorporate the MI script into their own context. We know that skilled performers 
have specialised representations of task relevant actions which can be used for planning and 
monitoring during MI (Land et al., 2013; Callan & Naito, 2014). Low skilled performers lack these 
specialised representations and thus may not have the capacity to contextualise the instructions 
included in the MI script.  
Future work may explore the efficacy of specific versus general MI instructions on 
sensorimotor performance in low skilled individuals. This could include a design where the efficacy 
of a condition including general MI instructions, such as ‘imagine what it feels like to hit a 
successful putt, seeing the ball finish on the target’, is compared to a condition where participants are 
asked to imagine performing specific technical instructions. Further to this point, and in line with 
testing the ‘visual guidance’ theory, one could argue that during AO+MI, only kinaesthetic cues 
should be included within the MI instruction as the relevant visual component is already provided by 
the inclusion of AO.  
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Collating the available evidence demonstrated in current study, it would appear that highly 
skilled participants preferentially benefit from MS conditions containing MI when compared to low 
skilled performers. While there were no direct significant differences in the change in performance 
within experimental conditions between expertise groups, we would highlight the distribution of the 
95% CI’s as evidence to suggest that highly skilled performers are better equipped to benefit from 
MS conditions incorporating MI. Further to this, significant within group differences in performance 
change, with moderate-to-large associated effect sizes were demonstrated in the high skilled group 
between the MI, AO+MIs and AO+MId groups, when compared to the AO condition, while no such 
effects were demonstrated within the low skilled group. We would highlight highly skilled 
participants’ ability to use MS conditions within the context of their existing mental representation as 
a potential explanation for this finding. In the case of low skilled performers, it seems that the 
inherent variability associated with novice performance may either preclude them from being able to 
employ MS conditions to enhance performance, or may require repeated testing sessions to elucidate 
performance change.  
In conclusion, the current study adds to MS knowledge and understanding by demonstrating 
that both AO+MI and MI can be effective methods for enhancing skilled motor skill performance 
specifically among high skilled performers. We suggest that this may be due to their capacity to use 
the presented information during practice of these MS interventions to facilitate motor skill 
performance. Moreover, our behavioural results support the neurophysiological work of Meers et al. 
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It has now been well established that motor skill performance can be enhanced through the 
use of mental practice paradigms. We have cited existing, robust meta-analytic (Driskell et al. 1994; 
Ashworth et al. 2006; Toth et al. 2020), and experimental (Romano-Smith et al. 2018;2019, McNeill 
et al. 2019) research that demonstrate as such. In particular, the evidence emerging from the 
literature is increasingly suggesting that AO+MI may provide the most potent performance 
enhancing effects, including what we have demonstrated in chapter 5. Previous research, including 
Driskell et al. (1994), has demonstrated that when effects associated with mental and physical 
practice (PP) conditions are compared, that physical practice is shown to elicit greater effects on 
performance. What is most interesting, is that it is possible, and perhaps most beneficial to combine 
physical and mental practice paradigms. As such, we should now consider whether using AO+MI 
alongside PP may provide an amplified performance effect when compared to AO+MI alone.  
 The concept that mental practice paradigms can be used as an adjunct to PP is certainly not 
new, and is actively used as a rehabilitation tool for motor related disorders like stroke (Jackson, 
Doyon, Richards, & Malouin, 2004; Malouin et al. 2004). There has also been research examining 
the combined application of mental and physical practice paradigms in motor skill performance. 
Early research from Stebbins (1968) demonstrated initial support for the assertion that a combined 
approach to MI and PP paradigms may offer the most efficacy. In a throwing task, participants who 
were assigned to MI+PP conditions improved their performance significantly over a period of 18 
days, no other conditions (MI alone, PP alone, or control) improved significantly. Smith et al. (2008) 
compared performance changes associated with engaging in six weeks of combined MI+PP against 
MI alone, PP alone, and no practice control conditions on a golf bunker shot task in skilled 
performers. Participants in the MI+PP condition improved their performance, on a novel point 
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scoring system where proximity to the target was rewarded, to a significantly greater degree than any 
of the other experimental conditions. In a high jump task, Olsson, Jonnson, and Nyberg (2008) 
compared MI+PP to PP alone where performance was measured via bar clearance. Participants in the 
MI+PP group improved their performance significantly from baseline-post-test but the PP alone 
group did not.  
The combination of MI+PP has also been previously examined in golf putting, Frank et al. 
(2014) assigned fifty-two novice golfers to one of four groups; MI only, PP only, MI+PP, or a no 
practice (reading) control group. Participants engaged with their experimental condition on five 
consecutive practice days, with baseline tests on day 1, and post-tests on day 5, before completing a 
retention test on day 8. The putting task consisted of sixty putts from 3 m, and performance was 
measured via MRE and BVE. Participants in the MI+PP conditions performed significantly more 
consistently (as measured by BVE) than the MI, or control conditions from baseline to post-test. 
Interestingly the PP alone condition did not differ from the MI, or control conditions on BVE. The 
MI+PP group also improved most from baseline to post-test on measures of accuracy (MRE) but the 
difference in improvement was not significant from the other groups. 
To date, the combined application of MI+PP has not been included as a condition in any of 
the contemporary meta-analyses (Driskell et al. 1994; Toth et al. 2020), owing to small samples, and 
potentially confounding effects of incorporating PP paradigms in purely ‘mental’ effects that these 
meta-analyses attempt to quantify. However, there would appear to be consensus in the published 
literature that when MI+PP are combined, this represents the most potentially potent implementation 
for enhancing motor skill performance. Given the newly found emphasis on AO+MI in the context 
of enhancing performance, it now seems pertinent to question whether combining AO+MI with PP 
(AO+MI+PP) confers additional benefits to just PP alone. In the current literature, there is just one 
published paper on this topic, Marshall and Wright (2016) demonstrated using a putting task with 
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twenty-four novice participants that an AO+MI+PP condition did not significantly improve their 
performance relative to a reading+PP condition. Despite the null-findings demonstrated in this single 
study, there is need for further study of how combining AO+MI+PP augments performance. 
As I have outlined in chapter 2, the MSPM accounts for the hypothesized effects of 
AO+MI+PP conditions on motor skill performance. Specifically, the MSPM (see figure 1.) suggests 
that combining AO+MI+PP will enhance performance to a greater degree than PP alone in skilled 
performers. As with the experimental work already conducted in this thesis, there is significant scope 
to examine methods of AO+MI implementation in motor tasks. With this in mind, the current study 
seeks to address two research questions. Firstly, does an acute practice session incorporating PP 
alone or AO+MI+PP result in improved performance relative to a no practice control. Secondly, does 
combining AO+MI+PP result in performance improvement beyond that associated with PP alone. 
Using the MSPM as a framework to guide our hypotheses, we hypothesized that participants in the 
AO+MI+PP and PP only conditions would improve putting performance (as indicated by % change 
scores in MRE and BVE) to a significantly greater degree than the control group. In addition, we 
hypothesise that the AO+MI+PP condition would facilitate putting performance to a greater extent 
than the PP alone condition. 
6.2 Methods 
Participants 
 Twenty-eight (n=28) right-handed, male participants (mean age=x years, SD=x) participated 
in the current study. All participants were recruited from local golf clubs. Off the twenty-eight 
participants, eighteen represent a ‘new’ sample, separate from those who participated in the studies 
outlined in the previous chapter, these skilled participants (mean golf handicap=8.2, SD= 3.14) were 
randomly assigned to one of two experimental conditions; AO+MI+PP (n=8) or PP (n=10). Ten 
participants assigned to the control condition were part of the control condition outlined in chapter 5. 
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The participants were selected as a control condition for this study based on their putting consistency 
scores at baseline as measured by SAMPuttlab, to match the skill level of the participants in the other 
two experimental conditions. Mean consistency scores for each group were 68.5% (PP), 70% 
(AO+MI+PP), and 73.5% (control).  
Equipment 
 The equipment used for this research was identical to that outlined in the general method 
(chapter 3) and that used for the experimental design in chapter 5.  
Procedure 
 The procedure used for this trial was identical to that used in chapter 5 other than the 
incorporation of PP in the experimental condition (outline in detail below). 
Experimental conditions 
Physical Practice Condition 
After the baseline test of 20 putts (two blocks of ten) were completed, participants in the PP 
condition were asked take 20 practice putts (two blocks of ten). Following this, the post-test 20 putts 
(two blocks of ten) were completed. The practice putts which constituted the PP condition were 
taken from the same position, with the same target as the putts used at baseline and post-test.  
AO+MI + Physical Practice Condition 
After the baseline test of 20 putts (two blocks of ten) were completed, participants in the AO+MI+PP 
condition were asked engage with the guided AO+MI video used in both AO+MI conditions in 
chapter 5. After watching the video once, participants took 10 practice putts. This procedure was 
then repeated a second time. Like the AO+MId group in chapter 5, participants were free to mimic 




The measures used for this research were identical to those used in chapter 5.  
Data Analysis 
 Table 6.1 shows average baseline and post-test scores, % change (∆) scores and Baseline-
Post effect sizes for all dependent variables. Statistical analyses were conducted using IBM SPSS 
software (version 25). Normality was assessed by the Shapiro-Wilk test and investigating histogram 
and Q-Q plots. Where data were not normally distributed, outliers exceeding 1.5 x the interquartile 











 To compare the effectiveness of the PP condition, AO+MI+PP, and control condition at 
augmenting performance, a series of one-way ANOVAs were used to compare percent change (∆) 
scores for MRE, BVE, and kinematic variables, across experimental conditions. Based on previous 
evidence (McNeill et al., 2019) we performed a priori comparisons between the PP condition and the 




Table 6.1 Baseline and Post performance scores, Post-Baseline effect sizes and % change (% ∆) 
scores for all dependent variables across experimental conditions. 
 
6.3 Results 
Condition Measure N 
Baseline Mean 
(SD) 
Post Mean (SD) 
Post-Baseline 
Effect Size (d) 
% ∆  
AO+MId+PP          
 
 MRE (mm) 8 296.9 (64.8) 221.7 (53.7) 1.26 25.33%  
 
BVE (mm) 8 340.9 (78.9) 269.5 (88.2) 0.85 20.95%  
 
Aim (°) 8 0.8 (1.5) 0.3 (1.8) 0.3 62.5%  
 
Ball Direction (°) 8 0.8 (0.4) 0.2 (0.9) 0.86 74.62% 
 
Face at Impact (°) 8 1.4 (0.3) 0.8 (0.9) 0.89 42.86%  
PP       
 MRE (mm) 10 333.6 (116.9) 266.9 (92.9) 0.63 19.99%  
 
BVE (mm) 10 382.3 (98.7) 304.8(89.7) 0.82 20.27%  
 
Aim (°) 10 1.2 (1.8) 1.1 (2.1) 0.05 8.33%  
 
Ball Direction (°) 10 0.5 (1.3) 0.3 (.7) 0.19 39.09%  
 
Face at Impact (°) 10 1.2 (1.6) 1.0 (1.0) 0.15 16.66%  
Control       
 MRE (mm) 10 233.4 (43.7) 236.3 (54.7) 0.06 -1.24%  
 
BVE (mm) 10 263.3 (33.9) 255.9 (45.1) 0.19 2.81%  
 
Aim (°) 10 0.9 (2.1) 0.8 (2.3) 0.05 11.11%  
 
Ball Direction (°) 10 0.3 (.9) 0.0 (1.2) 0.28 99.67%  
 
Face at Impact (°) 10 0.8 (1.1) 0.5 (1.3) 0.25 37.5%  
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Imagery Ability descriptive statistics 
The overall mean value of all participants for the external visual imagery (EVI) subscale was 2.21 (SD=.86) 
which as was outlined in chapter 5 corresponds to self-reported ‘clear and reasonably vivid’ image generation. 
In the internal visual imagery (IVI) subscale the mean value was 1.54 (SD=.42) which corresponds to self-
reported ‘perfectly clear and vivid’ imagery use. The mean value for the kinaesthetic imagery (KI) subscale 
was 1.64 (SD=.58) also representing ‘perfectly clear and vivid’ imagery use. The imagery ability scores for 
each subscale across experimental conditions are reported below in table 6.2. The were no significant 
differences between the VMIQ-2 scores of any of the experimental conditions. 
Table 6.2. Mean VMIQ-2 scores for PP, AO+MI+PP, and Control conditions 
Condition   IVI (SD) EVI(SD) KI(SD) 
     
PP  1.51 (.41) 1.99 (.70) 1.88 (.72) 
AO+MI+PP  1.68 (.45) 2.06 (.22) 1.65 (.50) 
Control   1.47 (.41) 2.55 (.12) 1.39 (.39) 
 
Manipulation Check Data 
Participants in the AO+MI+PP group found the AO stimulus very easy to follow (M=6.23, SD=1.75). For 
ease of imagery use participants found the audio imagery instructions easy to follow (M=5.66, SD=1.79) 
found it easy to ‘feel’ the task elicited in the imagery script (M=5.58, SD=1.61), and found it easy to ‘see’ the 
task elicited in the audio imagery script (M=5.87, SD=1.42). For perspective of imagery used, participants 
used first person perspective imagery very often (M=6.10, SD=2.32), and third person perspective often 
(M=5.19, SD=1.86). 
The effectiveness of AO+MI as an adjunct to physical practice 
 One-way ANOVA tests were conducted to compare the effects of the experimental 
conditions on MRE % ∆ and BVE % ∆ scores. A significant main effect of MS condition was found 
for MRE % ∆ scores (F(2, 25)=3.939, p=.039, d= 1.12). Between group comparisons showed that MRE 
% ∆ scores were significantly improved in the AO+MI+PP (p=.013, d=1.39) condition compared to 
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the control condition. Improvement for participants in the PP condition (p=.051, d=.82) were not 
significantly different compared to those in the control condition. Improvement between the 
AO+MI+PP condition and the PP condition did not significantly differ (p=.464, d=.387). 
 No significant main effect of MS condition was found for BVE % ∆ scores (F(2, 25)=2.126, 
p=.140, d= 0.82). A priori comparisons also revealed no significant differences between the control 
and other experimental condition. One-way ANOVAs were also conducted to compare % ∆ scores in 
the same kinematic measures (aim, face at impact, and ball direction) as previously outlined in 
chapter 5. No significant effect of experimental condition was found for aim % ∆ scores (F(2, 
25)=.443, p=.653, d= 0.36), ball direction (F(2, 25)=1.556, p=.231, d= 0.7), or face at impact (F(2, 
25)=3.149, p=.060, d= 1.00) 
6.4 Discussion 
 The research conducted in this chapter aimed to answer two questions. Firstly, determining 
whether engaging with PP or AO+MI+PP over an acute intervention stimulate performance 
improvement beyond that associated with a control group. Our findings here suggest that 
participating in both AO+MI+PP and PP alone conditions result in additional performance 
improvement beyond a control condition on a sensorimotor task in skilled participants. Specifically, 
participants in the AO+MI+PP condition improved putting accuracy (as a function of MRE % ∆ 
scores) by 25.33% and to a significantly greater extent than the control condition. Participants in the 
PP condition improved putting accuracy (MRE % ∆ scores) by 21.23% compared to the control 
condition but the difference was not statistically significant.  Secondly, we asked does engaging with 
AO+MI+PP confer additional performance improvement when compared to PP alone? Our results 
suggest that while the AO+MI+PP condition offered an additional numerical benefit to performance 
over PP alone (25.3% vs 19.9%), the difference between the groups did not reach significance, and 
any suggested differences between those groups should be interpreted cautiously.  
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The finding that PP or the combined application of PP+ an MS condition can facilitate 
performance relative to a control condition is largely supportive of previous research in the area (e.g., 
Frank et al. 2014). The novelty of these specific finding comes from the combination of AO+MI+PP, 
something which few previous studies have endeavoured to do. Existing research has surmised or 
predicted that AO+MI conditions could act as an effective adjunct to physical practice conditions 
(Eaves et al., 2016; McNeill et al., 2019).  In particular, the finding of improved performance in the 
AO+MI+PP group relative to the control condition provides initial support for these ascertains.  
Perhaps the more interesting comparison is between the PP alone and the combined 
AO+MI+PP groups outlined in the current study. While the improvement the two experimental 
condition did not differ significantly, the magnitude of the effect was small to moderate. We would 
offer three potential explanations for this finding; firstly, it may be simply that adding AO+MI to PP 
does not confer any meaningful additional benefit to performance, however this interpretation would 
appear to conflict with the previously published literature combining MS interventions with PP 
conditions. Contributing to this finding may be the acute nature of the experimental design employed 
in the current research. The single session design may not be sufficient for any potential additive 
effects of AO+MI to PP to be manifested in the performance of participants. Existing research that 
has demonstrated additional benefits for simulation states with PP over PP alone have tended to be 
conducted over several weeks and practice sessions (Smith et al., 2004; Frank et al., 2016). It may be 
that a meaningful effect exists between the two experimental conditions but that the acute nature of 
the study is not sufficient to demonstrate these differences and that these differences would be 
demonstrated more readily with repeated exposure to the conditions. 
The second potential explanation for this finding is that any intervention incorporating PP 
stimulates performance improvement to such an extent that it results in a ceiling effect occurring 
making it difficult to parse additional benefits being conferred by the AO+MI component of the 
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condition. In this case, like what has been outlined the preceding paragraph the ceiling effect refers 
to maximal improvement that can be seen in already skilled participants across a single practice 
session. It may be the case that the improvement conferred by PP itself is such that additional 
improvements resulting from the addition of a simulation condition are not easily manifested over a 
single session, and that these additional effects would be demonstrated after multiple sessions over a 
period of weeks. 
 Within the MSPM (Chapter 2.), the assertion was that when MS conditions were combined 
with PP an additional effect would be conferred on performers relative to the effect associated with 
those MS conditions alone. While we cannot directly compare our AO+MI+PP or PP alone groups 
here with the ‘pure’ MS conditions from chapter 5, a cursory comparison (when comparing the high 
skilled performers in chapter 5, to skilled performers here) would seem to at least partially support 
that tenet of the MSPM. The AO+MI+PP condition improved to a greater extent (25.33%) than 
AO+MId (17.30%), AO+MIs (19.59%), MI (15.35%), or AO (-13.81%) conditions, while the PP 
alone condition improved to a similar extent as both AO+MI, and the MI conditions. To reiterate, 
this is not a ‘like for like’ comparison, as the participants represent different levels of expertise, 
however, there seems to be an effect worthy of further examination when evaluating PP compared to 
MS conditions alone. The mechanism for potential additional effects associated with combined 
application of MS+PP conditions may lay in using simulation to facilitate neurophysiological 
processes associated with sensorimotor control, which can then be applied and contextualised 
through PP, making that PP more effective (Allami, Paulignan, Brovelli, & Boussaoud, 2008). 
 A potentially important consideration associated with the implementation of the imagery 
scripts in both chapters 5 and 6 is that these scripts are designed to direct the attention of participants 
towards task relevant cues, aiding in imagery use. The implementation of these scripts, with the 
specific aim of directing attention is well supported in the imagery literature (e.g., Cooley et al., 
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2013; Williams et al., 2013, Eaves et al., 2016), however there are potential contraindications that 
should be given due consideration. Given the experienced or skilled status of a subset of participants 
in chapter 5 and all participants in chapter 6, it would be expected that these participants have 
existing routines and processes to direct attention during task execution. One potential consequence 
of interfering with this existing process could be a ‘reinvestment’ or conscious processing effect 
where well-established performance mechanics deteriorate due to competing attentional demands. 
Given that conditions containing MI produced beneficial performance effects for skilled participants 
this does not appear to have happened within the studies outlined here, however it may be that 
incorporating a design where imagery is used through existing cues could result in even more potent 
effects in skilled performers. 
 In conclusion, the combination of AO+MI and PP represents a potentially fruitful method of 
implementation which should be studied further. The current study shows tentative, initial evidence 
that AO+MI+PP conditions can enhance sensorimotor performance in skilled performers, over an 
acute intervention. Further research should seek to examine this efficacy further, by examining 
combined MS+PP paradigms across participants of varying skill levels, in larger samples, and over 
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Motor imagery (MI) and Action Observation (AO) are simulation states that have been 
demonstrated to activate similar neural mechanisms within the motor system as physical execution 
(Jeannerod, 2001). Previous research has routinely examined MI and AO as separate paradigms with 
their independent implementation demonstrating consistent positive effects on motor skill 
performance (Driskell, Copper, & Moran, 1994; Ashford, Bennett, & Davids, 2006). The combined 
application of AO+MI has emerged as a new paradigm within simulation state research (Vogt, Di 
Rienzo, Collet, Collins, & Guillot, 2013; Eaves, Riach, Holmes, & Wright, 2016), with promising 
behavioural and neurophysiological effects being demonstrated across a number of motor tasks 
including dart throwing (Romano-Smith, Wood, Wright, & Wakefield, 2018; Romano-Smith, Wood, 
Coyles, Roberts, & Wakefield, 2019), golf putting (Smith & Holmes, 2004; Frank, Land, & Schack, 
2013; McNeill, Ramsbottom, Toth, & Campbell, 2020), basketball free throwing (Wright, Woods, 
Eaves, Bruton, Frank, & Franklin, 2018), hamstring curl strength (Scott, Taylor, Chesterton, Vogt, & 
Eaves, 2018), and novel motor skills (Gatti et al., 2013).  
 Neurophysiological research demonstrates that AO+MI appears to illicit significantly more 
cortico-motor activity compared to AO or MI independently. For example, Taube et al. (2015) 
reported that when using a simulated balancing task during functional magnetic resonance imaging 
(fMRI), AO, MI, and AO+MI all have unique neural signatures. Specifically, AO+MI evoked greater 
activity in the supplementary motor area, basal ganglia, and cerebellum when compared to AO alone 
and greater bilateral activity in the cerebellum compared to MI. Villiger et al. (2013) have also used 
fMRI to show key differences in the neural activity associated with AO and AO+MI. During a foot 
movement task, these authors found AO+MI enhanced activation of the motor network and regions 
responsible for attention and goal-directed movement (Inferior parietal lobule, ventral Premotor 
Cortex regions and the putamen specifically). Further to this, Nedelko, Hassa, Hamzei, Schoenfeld, 
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and Dettmers (2012) studied brain activation during AO and AO+MI of simple, object-related hand 
actions, and reported greater cortical activation during an AO+MI condition in both cerebellar 
hemispheres, the caudate nucleus, both the ventral and dorsal premotor cortex, the inferior parietal 
cortex, and the supplementary motor area when compared to an AO condition. Other research 
suggests that the combination of AO+MI may facilitate corticospinal excitability to a significantly 
greater extent than either AO or MI independently (see Wright et al., 2018; Wright, Williams & 
Holmes, 2014). At this juncture, there is sufficient neurophysiological evidence to suggest that 
AO+MI may be a more effective method of motor simulation than AO or MI alone, with behavioural 
evidence emerging in support of AO+MI’s use. 
 In addition to the neurophysiological evidence for the added benefits of combining AO and 
MI, behavioural research has shown AO+MI to be superiorly beneficial for a number of simple and 
complex motor tasks. In one of the earliest studies using AO+MI, Smith and Holmes (2004) 
demonstrated that AO+MI was significantly more effective than MI alone for enhancing 
performance in a golf putting task. Recently, Romano-Smith and colleagues have demonstrated in 
two separate studies that AO+MI interventions significantly improved performance in a dart 
throwing task compared to control, AO alone, and MI alone groups (Romano-Smith et al., 2018; 
Romano-Smith et al., 2019).  
Evidence for the effectiveness of AO+MI in comparison to MI or AO alone has also been 
demonstrated in strength-based skills. For example, Scott et al. (2018) demonstrated this effect 
utilising an eccentric hamstring curl task in which hamstring strength (peak hamstring torque) 
increased significantly following only an AO+MI intervention but following either of two purely MI 
groups where participants imagined either the hamstring curl task or an unconnected upper limb 
control task. In addition, Wright and Smith (2009) demonstrated that participants in a PETTLEP 
imagery group who concurrently watched a video improved significantly more from baseline to post 
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intervention than those in a traditional imagery group on a bicep curl task. Overall, there is a growing 
body of research suggesting that AO+MI can further augment motor performance and elicit greater 
activity in motor related cortical regions than AO or MI alone. AO+MI has also recently been 
demonstrated to be effective at enhancing movement kinematics by Romano-Smith et al. (2019) who 
suggested that a significant decrease in angular peak velocity, which was only present following the 
AO+MI conditions, was associated with an increase in accuracy and decrease in errors during the 
throwing task. With this in mind, it is important to consider different methods for implementing 
AO+MI interventions for optimal effectiveness. 
 To understand the optimal implementation of AO+MI interventions, it is necessary to 
examine the existing AO research in order to inform AO+MI implementation and design going 
forward. Typically, AO is implemented via one of two paradigms, self (Clark & Ste-Marie, 2007; 
Zetou, Kourtesis, Getsiou, Michalopoulou, & Komotini, 2008; Law & Ste-Marie, 2005) or skilled-
peer (Romano-Smith et al., 2018; Romano-Smith et al., 2019) observational modelling. The self-
model paradigm involves performers observing themselves performing the desired action on video. 
This method has been demonstrated to improve self-assessment, improve technical execution, and 
increase self-efficacy (Ste-Marie et al., 2012). Alternatively, the skilled-peer model paradigm 
involves a participant observing a highly skilled actor performing the optimal characteristics of the 
chosen motor skill on video, thereby offering the participant the opportunity to learn the most 
desirable method of performance (Pollock & Lee, 1992). Despite the longevity of AO research 
interest, there has been a relative lack of work explicitly examining the differences between self-
modelled and skilled-model paradigms, with mixed findings in the few studies that do. For example, 
Pollock and Lee (1992) showed no significant difference between self and skilled modelling in a 
video game task with a novice sample, while Clark and Ste-Marie (2007) have suggested that self-
modelling may be more effective than other model types for learning swimming skills. An important 
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consideration may be the type of skill engaged in, with a recent review by McNeill et al. (2019) 
suggesting that skill type may moderate the effectiveness of motor simulation interventions. In 
addition, meta-analytic results from Ashford et al. (2006) suggest that AO may be most effective for 
serial and continuous skills.      
Finally, an issue we feel pertinent to moving this area forward relates to the question of 
optimal implementation of AO+MI and how we should consider the expertise of the individual 
performing the AO+MI. To date, this question has not been addressed. Vogt et al. (2013) highlight 
three different potential types of AO+MI. Firstly, congruent AO+MI where performers observe and 
imagine the exact same task. Secondly coordinative AO+MI where performers observe one task and 
imagine performing a similar, related task and finally, conflicting AO+MI where the imagined and 
the observed actions oppose one another.  An example of coordinative AO+MI could be one where a 
skilled performer engages with a skilled-peer model AO+MI intervention for a skill with which they 
are already proficient. In this scenario, the representation of the task as executed by the skilled model 
may differ from that of the performer, and destabilize an existing, functional mental representation of 
the skill, leading to poorer performance following engagement with the AO+MI intervention. 
Alternatively, the same performer engaging with a self-modelled AO+MI intervention could be 
considered an example of congruent AO+MI.  
The current study makes a novel, direct comparison between the effects of congruent AO+MI 
and coordinative AO+MI on performance in a skilled sample. Recent precedent for making this 
comparison comes from the work of Bruton, Holmes, Eaves, Franklin, and Wright (2020), who 
demonstrated that coordinative AO+MI resulted in competition between the observed and imagined 
action, resulting in the switching of visual attention between observed and imagined stimuli in a 
finger abduction task. In contrast, participants in a congruent AO+MI group focused their visual 
attention only at task relevant stimuli displayed to them. Despite this recent evidence highlighting 
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differences between implementations of AO+MI interventions, there is a dearth of research directly 
comparing how self- and skilled peer model paradigms augment subsequent performance on 
sensorimotor tasks. 
The purpose of the current study is to examine whether engaging in self-modelled AO+MI 
(SMAO+MI) or skilled-peer modelled AO+MI (SPMAO+MI) more greatly enhances sensorimotor 
skill performance in already skilled performers. Golf putting is an exemplar, self-paced motor skill 
which has been successfully used previously in the motor simulation literature (e.g., Frank et al., 
2013; Smith & Holmes, 2004). Our hypotheses are as follows; 
H1. Skilled participants who engage with a SMAO+MI intervention will improve their performance 
(increased accuracy and precision) more than those engaging with a SPMAO+MI intervention. Our 
rationale for this hypothesis is predicated on the idea that SMAO+MI will be used in the context of 
performers’ existing mental representation and will thus facilitate improved performance, whereas 
the SPMAO+MI will potentially destabilize skilled performers’ existing mental representation and 
result in competing attentional resources during the intervention. 
H2.  Participants who engage with SMAO+MI will also improve their overall putting consistency, as 
measured by SAM Puttlab (detailed description of the device provided in the methods section below) 
more than those who engage with a SPMAO+MI intervention. The SAM Puttlab is a three-
dimensional ultrasound camera system which calculates overall consistency by comparing the 
performers raw data values for each putt on 27 kinematic variables to a distribution of values 
collected from European tour professional golfers, the consistency rating is delivered as a 
percentage. 
H3. Participants in the SMAO+MI group will improve their performance on key putting stroke 
kinematics more than those engaged with the SPMAO+MI intervention. Improvements in 
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performance will be manifested in kinematic metrics; Aim, Club Face Angle, Club Path and Ball 




56 right-handed male golfers with a minimum of 3 years golfing experience were included as 
participants in this study. An a priori power analysis was conducted using G*Power3 (Faul, 
Erdfelder, Lang, & Buchner, 2007) to test the difference between two independent groups using a 
large effect size (d=.8) and an alpha of .05. Results of the power analysis showed that a total sample 
of 52 participants with two equal sized groups of n=26 is required to achieve a power of .80, 
however to ensure the sample was appropriately powered, the data from 56 participants, split into 
two equal groups of n=28, were collected. Participants were assigned to one of two experimental 
groups SMAO+MI or a SPMAO+MI. To achieve homogeneity between the groups, participants 
were assigned to their designated experimental group based on putting ability. Putting ability was 
measured using an overall consistency rating provided by a SAM Puttlab device (we provide a 
description of the device in the following section). The logic of assigning participants on this basis 
was to ensure equal skill level between both experimental groups. The overall consistency rating of 
the SMAO+MI group was 67.46% (SD=12.01%), while the consistency rating of the SPMAO+MI 
group was 67.95% (SD=11.16%). 
 
SAM PuttLab 
A three-dimensional ultrasound camera system was used to record putter kinematics during 
the putting task (SAM PuttLab, Science & Motion GmbH, Mainz, Germany, 
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www.scienceandmotion.de). The system was set up 50 cm from the initial ball location for each putt 
and perpendicular to the target line (see Figure 1). Dedicated SAM PuttWare Pro software was used 
to record the 3D position of a sensor attached and calibrated to a putter at 210 Hz with a precision of 




Figure 7.2. Overhead view of the experimental set-up including positions of the participant, golf ball, 
target, and SAM Puttlab. 
Procedure 
Participants were recruited from local golf clubs and began the experimental protocol by 
completing the Vividness of Movement Imagery Questionnaire 2 (VMIQ-2) (Roberts, Callow, 
Hardy, Maarkland, & Bringer, 2008). The VMIQ-2 is a 12-item questionnaire which assesses the 
vividness of an individual’s imagery for a variety of movements. Participants were required to image 
each movement from three different perspectives (internal visual imagery (IVI), external visual 
imagery (EVI), and kinaesthetic imagery (KI)) and to rate the vividness of each image on a five point 
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Likert scale where 1 is ‘perfectly clear and vivid’ and 5 is ‘no image at all’. The VMIQ-2 has been 
demonstrated to have acceptable factorial, construct, and concurrent validity (Roberts et al. 2008) 
and has been used extensively in experimental research (Williams et al. 2012; Callow, Roberts, 
Hardy, Jiang, & Edwards, 2013; Lawrence, Callow, & Roberts, 2013; Wright, Williams, & Holmes, 
2014) as a self-report measure of imagery ability since its conception.  
 After completing the VMIQ-2, a triplet with three 70-Hz ultrasound transmitters was attached 
to each participant’s putter in preparation for kinematic tracking using SAM Puttlab. Each participant 
completed a total of 10 practice putts on the testing area to familiarise themselves with the speed of 
the flat synthetic putting surface. The SAM Puttlab triplet was then calibrated for each participant. 
The calibration procedure calibrates the face and lie angle of the putter to be 0° when pointing 
directly in line with an intended target (see Figure 7.1). The target was marked on the putting surface 
with a circular target (3.2cm in diameter) directly in the middle of a chalk outline of a golf hole 
(10.8cm in diameter) exactly 3.66m (12 feet) away from the start position. The chalk outline is 
necessary to allow for the measurement of distance error in millimetres and also to prevent potential 
inaccuracies in data recording that could be associated with putts deflecting off the peripheries of an 
actual golf hole. To ensure the putter face was pointed directly at the target, a laser was attached 
during calibration such that its beam emanated perpendicular to it and aligned onto an object placed 
on the target. 
 Participants then completed 20 putts with instructions to ‘make the ball stop on the target’. 
These 20 putts represented Blocks 1 and 2 (10 putts in each block) and combined to comprise the 
baseline test. All participants had their 20 putts at baseline recorded from a third person perspective 
down the target line (see Figure 7.2) using a high-speed HD video camera. This recording acted as 
the AO component in the SMAO+MI intervention (outlined in detail in the next section). After the 
baseline test participants were assigned to one of two experimental groups. Once assigned to a group, 
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participants completed the SMAO+MI or the SPMAO+MI intervention. The intervention lasted 
approximately 10 minutes. Recently published research (McNeill et al., 2019) has demonstrated that 
brief exposures to AO+MI interventions can result in performance benefits in a golf putting task. The 
AO+MI conditions were behaviourally matched with the physical trials (20 observed putts) and 
participants repeated this twice (40 observational trials in total). Once the intervention was finished 
participants completed blocks 3 and 4 (10 putts in each block) as the post test. Previous research has 
also used 40 putting trials (20 putts at baseline, 20 putts post-intervention) to quantify performance 
(Frank, Land, and Schack, 2016). The synthetic grass putting area was 7.2 metres X 2 metres (length 
X width) and was located in an indoor biomechanics research lab (see Figure 7.2).  Any putt that 
exceeded the boundary of the testing area was assigned a maximum score of 1540mm for each axis. 
Upon finishing block 4, participants completed a manipulation check containing 4 Likert type 









The SMAO+MI intervention required participants to watch themselves completing their 
twenty baseline putts via a video recording while imagining what it felt like to successfully perform a 
golf putt. The video was recorded from a third person perspective and immediately behind the 
participant on the line of the target such that the participant had the capacity to view their entire 
body, the putter, and the finishing position of the ball. The instruction to participants was ‘Please 
watch the video as attentively as you can, while simultaneously imagining what it feels like to swing 
the putter rolling the ball towards, and onto the target’. Participants repeated this process twice, 
completing 40 observational trials in total. During this time, participants were allowed to hold and 
swing their putter as practice putting strokes without striking a ball, allowing them to do so may 
enhance the vividness of the KI that they use during the intervention. Headphones were provided to 
eliminate any external auditory distractions. 
SPMAO+MI 
The SPMAO+MI intervention mimicked the same protocol as the SMAO+MI group but will 
instead use an expert golfer as the model within the observational video. The SPMAO+MI video was 
recorded in the same environment as the SMAO+MI videos, ensuring that the observational content 
was identical in both groups, apart from the model used. The expert golfer was a former European 
tour professional who demonstrates exemplary putting technique with an overall accuracy rating of 
86.9% and an overall consistency rating of 90.9% on SAM Puttlab kinematics. Participants in this 





After each putt, the ball’s final horizontal (𝑥) and vertical (𝑦) distance from the target was 
measured. These co-ordinates were used to calculate the overall accuracy and precision of each 
participant’s performance across either the 20 putts prior to, or 20 putts post, either intervention. 
Accuracy was assessed by calculating the Mean Radial Error (MRE) from the target where MRE was 





) ∑ [(𝑥² + 𝑦²)1/220𝑖 .    (1) 
 Consistency was assessed by calculating the bivariate error of the 20 putts before or after the 
intervention. The bivariate error is defined as the square root of a participant’s 20 shots’ mean 
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 Both MRE and BVE are typical accuracy and consistency measures that have been 
previously used to evaluate target-based performance (Frank, Land, & Schack, 2013; Frank, Land, & 
Schack, 2016; Hancock, Butler, & Fischman, 1995). SAM PuttLab was additionally used to record 
club face angle at address (Aim), club face angle at impact, club path, ball direction, and overall 
putting kinematics consistency. SAM PuttLab produces mean and standard deviation values for each 
block of ten putts for each metric. As such, we will pool the data in Blocks 1 and 2 (Baseline 20 
putts) and Blocks 3 and 4 (Post Intervention 20 putts) to generate overall baseline and post-test 








                                                                        (3) 
Registered Data Analysis 
Statistical analyses were conducted using IBM SPSS software (version 25). A Shapiro-Wilk 
test for normality was conducted to examine whether data residuals were normally distributed. In the 
case of data that were not normally distributed, outliers was removed. In this case, outliers referred to 
the data point(s) associated with individual putts finishing more than three standard deviations from 
the mean. Following outlier removal, a one way analysis of covariance (ANCOVA) was performed 
on each dependent variable (MRE, BVE, Aim, club face angle at impact, club path, ball direction, 
and overall putting kinematics consistency) to determine if post-test putting performance differed 
between the SMAO+MI and SPMAO+MI groups after controlling for baseline scores. Vickers and 
Altman (2001) suggest the use of ANCOVA as a superior statistical test when comparing differences 
in performance change between groups because it accounts for and controls potential differences in 
baseline performance between groups.  Significance was measured at the ≤0.05 level and partial eta 
squared effect sizes were calculated to quantify the magnitude of the observed effects. 
Exploratory Data Analysis 
Putting Performance 
To confirm that both experimental conditions facilitated performance change from the pre-
test to the post-test measurements, four pairwise t-tests were performed to measure performance 
change in MRE and BVE within each experimental condition.  




Shapiro-Wilk tests performed on MRE scores at both pre-test W(56)=.851, p<.001 and at 
post-test W(56)=.945, p<.05 showed data violated the assumption of normality. Individual putts that 
were more than three standard deviations from the mean were removed as outliers, with 17 (out of a 
total 1,120) and 21 (out of a total 1,120) putts removed from the baseline data and post-test data sets 
respectively. To address the first registered hypothesis outlined in the stage 1 report; namely that the 
SMAO+MI condition would enhance putting performance (as measured by accuracy (MRE) and 
precision (BVE)) to a significantly greater degree than the SPMAO+MI condition, two one-way 
ANCOVAs were conducted comparing post MRE scores and post BVE scores between SMAO+MI 
and SPMAO+MI conditions while controlling for baseline MRE performances. No significant 
difference in putting performance between the SMAO+MI and SPMAO+MI conditions was found 
for either MRE (F(1)=1.861, p=.178, ηp2=.034) or BVE (F(1)=0.922, p=.341, ηp2=.017) variables.  
Kinematic Consistency 
To address registered hypothesis two, that participants in the SMAO+MI condition would 
improve their overall kinematic consistency when compared to those in the SPMAO+MI group, a 
one-way ANCOVA was conducted compare the effectiveness of the two experimental conditions on 
overall putting consistency, when controlling for baseline putting consistency scores. No significant 
difference in kinematic consistency between the SMAO+MI and SPMAO+MI conditions 
(F(1)=1.160, p=.286, ηp2=.021) was found.  
Kinematic Performance 
 To test the third registered hypothesis, that participants in the SMAO+MI condition would 
improve their performance in four key kinematic measures to a greater extent than those in the 
SPMAO+MI group, four separate one-way ANCOVAs were conducted on aim, ball direction, club-
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face direction at impact, and club path variables, with baseline performance for each used as 
covariates. 
AIM 
There was no significant difference in post aim scores between the SMAO+MI and 
SPMAO+MI conditions (F(1)=.119, p=.731, ηp2=.002) when controlling for pre aim scores as a 
covariate.  
Ball Direction 
There was no significant difference in post ball direction scores between the SMAO+MI and 
SPMAO+MI conditions (F(1)=.672, p=.416, ηp2=.013) when controlling for baseline ball direction 
scores.  
Club face at impact 
There was no significant difference in post club face at impact scores between the 
SMAO+MI and SPMAO+MI conditions (F(1)=.860, p=.358, ηp2=.016) when controlling for pre 
club face at impact scores.  
Club Path 
The was a significant difference in club path between the SMAO+MI and SPMAO+MI 
conditions (F(1)=5.892, p=.019, ηp2=.1), where participants in the SMAO+MI group moved their 
club path 0.2° closer to zero° (indicative of improved performance) than the grand mean of pre-test 
club path generated in the ANCOVA model, while participants in the SPMAO+MI group moved 
their club path 0.4° away from zero°, resulting in a 0.63 degree difference for club path between the 




Figure 7.3. Club path at post-test for both experimental conditions (Self-Modelled AO+MI; SM-AOMI; 
Skilled-Peer Modelled AO+MI; SPM-AOMI). Black dotted line indicates grand mean of baseline 
performance generated for ANCOVA analysis. Error bars represent the 95% confidence interval values. A 
club path closer to zero° is indicative of better performance (green dotted line).  
Results of Exploratory Analysis 
Imagery ability descriptive statistics 
The overall mean value of all participants for the external visual imagery (EVI) subscale was 2.31 
(SD=.92) representing ‘clear and reasonably vivid’ image generation. In the internal visual imagery 
(IVI) subscale the mean value was 1.63 (SD=.52) which represents ‘perfectly clear and vivid’ 
imagery use. The mean value for the kinaesthetic imagery (KI) subscale was 1.73 (SD=.56) also 
representing ‘perfectly clear and vivid’ imagery use. The imagery ability scores for each subscale 
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across experimental conditions are reported below in table 7.1. The were no significant differences 
between the VMIQ-2 scores of any of the experimental conditions. 
Table 7.1. Imagery ability descriptive statistics 
Condition   IVI (SD) EVI(SD) KI(SD) 
Self-Modelled   1.62 (.55) 2.46 (.98) 1.68 (.51) 
Peer Skilled Modelled   1.65 (.51) 2.12 (.85) 1.77 (.62) 
 
Manipulation Check Data 
Exploration of the manipulation check data revealed that participants found the experimental 
instructions very easy to follow (M=6.63, SD=.072), found it easy to imagine what the task felt like 
(M=5.80, SD=1.38), found it easy to put the video in their own context (M=6.00, SD=1.34), and 
found it easy to imagine themselves performing the movement (M=5.89, SD=1.22). There were no 
significant differences in manipulation check responses between experimental conditions. 
MRE 
In the SMAO+MI group, pairwise t-tests demonstrated a statistically significant improvement 
in both MRE and BVE performance between the pre-test and post-test conditions; MRE, 
t(27)=2.831, p=.009, d=.437, 95%CI[11.58, 72.57]; BVE, t(27)=2.182, p=.038, d=.432, 
95%CI[2.62,85.05]. In the SPMAO+MI group, pairwise t-tests also demonstrated statistically 
significant improvements in each of MRE and BVE between the pre-test and post-test conditions; 





As previous work has demonstrated the effectiveness of AO+MI as a superior MS 
intervention compared to MI and AO alone (Romano-Smith et al. 2018; Frank, Land, & Schack, 
2013), new research is looking towards investigating the conditions under which AO+MI provides 
the greatest benefit (McNeill et al., 2020). Two common AO+MI administrations currently 
implemented that differ according to their AO content are self-modelled AO+MI (SMAO+MI) and 
skilled-peer modelled AO+MI. The purpose of this study was to directly examine whether engaging 
in SMAO+MI or SPMAO+MI would more greatly enhance performance on a well-studied 
sensorimotor skill in already skilled performers. We hypothesised that a self-modelled approach 
would be more effective than a skilled-peer modelled approach at improving golf putting 
performance. This could be due to a facilitation of the existing mental representation of skilled 
performers in the self-modelled condition and/or a destabilization of the existing mental 
representation of skilled performers in the peer modelled condition.  
In the current study, exploratory analysis demonstrated that both SMAO+MI and 
SPMAO+MI effectively enhance performance from baseline to post-test. In the SMAO+MI group 
there was a 14.8% change in accuracy performance from baseline to post-test, while in the 
SPMAO+MI group, the change in accuracy performance was 18.8%. The demonstration of positive 
change in accuracy after engaging in AO+MI is supportive of previous research e.g., (Romano-Smith 
et al. 2018; Frank, Land, & Schack, 2013) in sensorimotor performance. 
 The finding that both congruent and coordinative AO+MI improved putting performance to a 
similar extent, suggesting tentative support for Meers et al. (2020) explanation for AO+MI 
mechanisms, where AO acts as a guide for MI during AO+MI. However, it remains outstanding as to 
how to best implement AO to allow it to guide MI. Vogt et al. (2013) suggest that there is a spectrum 
of AO+MI states whereby most of the spectrum can be categorised within congruent (observing and 
imagining the same task), coordinative (observing one task, and imaging a similar, related task), or 
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incongruent (observing one task and imaging an unrelated task) classifications. Further to this Vogt 
et al. (2013) suggest that each of the classifications have their own applications, whereby the AO and 
MI components are utilised differently depending on the goal of the simulation condition. Based on 
this logic, most appropriate implementation of AO (self-modelled, peer-modelled, first person, or 
third person) would then switch depending on the goal of the MI component. For specific skill 
refinement (e.g., club path) within a skilled population it may be the case that self-modelled would 
be most appropriate, whereas peer- modelled may be most appropriate within a different population, 
in response to different goals. 
When comparing the findings between groups, on measures of error (where less error would 
be indicative of improved performance) there was no difference in performance improvement 
between the two experimental conditions.  
This finding may be explained by the expertise of participants included in the study. Where it 
was hypothesized that skilled performers may find engaging with a SPMAO+MI intervention 
destabilizes existing task representations, it may be the case that expert participants are better able to 
ignore task-irrelevant information. This explanation is supported by recent work suggesting that 
where MI provides the main mechanistic driver of AO+MI effects, the AO component of AO+MI 
conditions could be left to personal preference (whether self-modelled, or skilled-peer modelled; 
congruent, or coordinative) to maximise the facilitation of MI use during AO+MI (Meers, Nuttall, 
and Vogt, 2020). In this explanation, when the observed component of AO+MI is deemed task 
relevant it may be used as an external ‘visual guide’ for MI. However, when the observed element is 
deemed irrelevant, it may be ignored (Meers et al., 2020). In the current study, the included 
participants all had at least three years golfing experience and as such have well established 
representations of how a putting task should be performed.  Skilled performers can then use the 
relevant AO cues provided externally through video to guide their use of MI, through their existing 
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representation to facilitate performance. In the case of scenarios where a peer-modelled may be 
deemed irrelevant, the skilled performer may have the capacity to simply ignore the external cues 
and thus not suffer any destabilization of performance. The premise that skilled performers have the 
capacity to engage or inhibit cognitive processes associated with sensorimotor performance in their 
domain has been established in other, related research areas. Landau and D’Esposito (2006) suggest 
that in externally cued finger-tapping sequence tasks, expert pianists demonstrated less activation in 
the bilateral superior and inferior parietal regions than novice controls. The authors suggest that this 
is due to the expert pianists being less challenged by the experimental, and as such not needing to 
engage to the associated regions to the same degree as novices.  
Based on the results of the current study there may be some scenarios where a self-modelled 
approach proves more effective, or perhaps more relevant to a performer engaging in AO+MI, than a 
skilled-peer model. Participants who received the SMAO+MI condition significantly improved their 
club path scores more than those in the SPMAO+MI group. As a kinematic measure, club path is 
easily observed on two-dimensional video, from a perspective which is faces directly down the target 
line of the putt being performed (see figure 7.2). This perspective gives the performer feedback 
related to the direction of their club-path relative to target which isn’t available from other video 
perspectives. Performers who observe themselves may be more easily able to identify error in club 
path and then subsequently correct that path, using AO+MI to facilitate the change. In a skilled-peer 
modelled approach, while the AO element may provide a technically proficient external cue 
regarding club path, the context of seeing oneself perform the action is missing. In the absence of 
this information, the performer has no feedback regarding their own club kinematics. It may be the 
case that in situations where specific cues are easily observed and where the goal of the AO+MI 
condition is to improve error and consistency associated with a specific kinematic aspect of a 
movement, that self-modelled AO+MI may be the most appropriate approach to take.   
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There is also precedent within the existing literature to suggest that combining multiple 
observational modelling paradigms may be most effective. Andrieux and Proteau (2013) 
demonstrated that watching both a novice model and an expert model facilitated learning of a 
bespoke complex spatiotemporal task to a greater extent than engaging with just a novice model or 
just an expert model. In a follow up study, Andrieux and Proteau (2014) again demonstrated that a 
mixed model of observational learning, where participants viewed both expert and novice 
performance, facilitated learning and error detection performance to a greater extent than either 
model alone in the same complex spatiotemporal task. Where these findings are relevant to the 
current study is in the context of error detection and correction. Andrieux and Proteau suggest that 
observing novice models are useful because they allow the observer to 1) identify typical errors and 
find ways to avoid them or 2) implement changes in strategy leading to successful performance 
(2013; 2014). This would appear to explain why participants in the self-modelled experimental group 
were able to observe and correct their club, using the information in the video as a reference, while 
those who in the SPMAO+MI condition did not. More detailed, experimental research is required to 
identify the situations in which different modalities and implementations of AO+MI may be most 
effective. 
One potentially important point of discussion was the inclusion of all baseline trials as the 
observational material for participants. In the existing literature, a clear consensus on the type of 
observational material that is most effective has yet to be established. Given that all baseline trials 
were included in the observational material in the current study, participants in the self-modelled 
group had the opportunity to observe both successful and unsuccessful trials. It may be the case that 
viewing unsuccessful trials gives skilled participants the opportunity to engage in technical error 
correction which then facilitates improved skill execution. Further to this the observation of both 
well executed and poorly executed trials may afford the performer the necessary context to engage in 
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error correction. In the previous experimental methods that we have outlined in chapters 4, 5, and 6 
the observational material represented a well-executed trial to be replicated by participants, so the 
inclusion of mix of successful and unsuccessful execution represents a new paradigm through which 
future research could continue to examine AO+MI effects. 
To conclude, this study aimed to directly to compare two separate implementations of 
AO+MI with a skilled population. We found no differences between skilled-peer model and self-
model paradigms on measures of error in a putting task. There was a significant difference between 
the groups on a kinematic measure of club path, whereby the self-modelled group had a club path 
which was closer to zero-degree, indicative of superior performance. The current study represents a 
contribution to an emerging body of literature regarding the most appropriate methods of AO+MI 
implementation. Future research should seek to extend the existing literature by continuing to 
examine the scenarios, and methods of implementation that maximise the effectiveness of AO+MI 
conditions to enhance and refine performance within sensorimotor tasks. In addition, an added focus 
on whether the optimal implementation of AO+MI states differ across tasks according to type, i.e., is 
the most effective implementation of AO+MI states different for gross motor tasks compared to 































This chapter highlights the original contributions made by the sum of the presented work to 
the existing knowledge regarding the role of MS in augmenting sensorimotor skill performance. 
Previous work in the field of MS has demonstrated MS conditions to be generally effective at 
enhancing sensorimotor performance. However, this thesis identified specific relevant gaps in 
understanding that had permeated the existing literature. Firstly, no model or framework in the 
literature to date has accounted for the effect on performance of the entire spectrum of simulation 
conditions. We addressed this by thoroughly reviewing the literature on MS and positing the MSPM, 
a model which accounts for the role of expertise, and other associated moderating factors, such as 
imagery ability, sensory feedback, memory processes, and task type, on the effectiveness of MS 
conditions to enhance sensorimotor performance. During the development of the MSPM it became 
clear that the existing literature highlighting the efficacy of MS conditions had relied predominantly 
on novice samples, with little work contrasting the efficacy of MS interventions between performers 
of varying expertise. To address this, we directly compared the effectiveness of MS conditions both 
within and between different levels of expertise in chapter 5. Thirdly, even with the recent research 
focus on AO+MI states, little existing work has focused on the optimal implementation of AO+MI 
states. In chapter 7 we address this by comparing the effectiveness of self-modelling versus skilled-
peer modelling in a sample of skilled performers. In summary the current thesis adds to the existing 
literature by addressing current gaps in knowledge around the implementation of MS interventions, 
developing a conceptual model to account for those gaps, and then experimentally testing the 
assumptions of that conceptual model (to see which assumptions of the model have been directly 
tested see figure 8.1 below). 
 The results demonstrated throughout the work presented here suggest that AO+MI and MI 
states have the capacity to positively augment performance, but only under certain conditions. The 
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MSPM as outlined in chapter 2, highlights that due to the proposed mechanisms underlying AO and 
MI individually, as well as other contributing moderating variables, the context in which these 
conditions prove effective would differ. Much of the findings from the experimental chapters in the 
current thesis support the hypotheses outlined in the MSPM. In chapter 5 in particular, the finding 
that highly skilled performers appear to elicit specific benefit from AO+MI and MI conditions 
strengthens one of the core tenets of the MSPM suggesting that expertise would be a primary 
consideration in predicting the effectiveness of a MS condition. The implication based on these 
findings is clear; familiarity with a sensorimotor task should be a primary concern when generating 
hypotheses related to effectiveness of simulation conditions in future experimental research. Much of 
the previous research, as outlined in chapter two has relied on novice samples, and while logistically 
understandable, may be the most inappropriate sample to test these hypotheses.  
 Beyond expertise, the results demonstrated within the experiments comprising this thesis also 
add to an emerging understanding of the mechanisms underlying AO+MI states. The current debate 
centres on whether AO and MI represent two independent sources of simulation, which then merge 
to stimulate cortico-spinal excitability to a greater extent than either simulation state alone (Dual-
action simulation (DAS) hypothesis; Vogt et al., 2013; Eaves et al, 2016), or whether MI functions as 
the primary driver of AO+MI induced changes to cortico-spinal excitability (visual guidance 
hypothesis) (Meers et al., 2020). Chapter 5 demonstrates that high skilled performers benefit from 
AO+MI and MI states, while eliciting no benefit from passive AO conditions. This finding provides 
behavioural evidence for the visual guidance hypothesis, which can be conceptualised two-fold; 
firstly AO+MI and MI conditions were shown to benefit the performance of highly skilled 
performers, while passive AO conditions had no effect for performers of any expertise level. This 
suggests that the contribution of the AO component during simulation conditions may be relatively 
small. Secondly, the finding that only skilled performers benefitted from AO+MI states is supportive 
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of the visual guidance hypothesis in and of itself. As we have stated at multiple junctures in this 
thesis, skilled performers have developed a mental representation of the skill (imagined and 
physically executed) which allows them to use MI to mentally simulate performance (Land et al., 
2013). The support for the visual guidance hypothesis from this finding stems from the fact that low 
skilled performers did not benefit from any simulation conditions in the current thesis. They neither 
possess the mental representation necessary to effectively use MI, nor does AO (either alone, or as 
part of AO+MI) stimulate significant performance change. In combination these findings suggest 
that to benefit from an AO+MI condition, one must have the capacity to use MI, and the MI 
component must be sufficient for eliciting a performance change given it may be the primary driver 
within AO+MI. The following discussion will further highlight the contribution of this thesis to the 
current understanding of the effect MS conditions have on performance. 
8.2 Aims of the thesis 
Though the area of motor simulation has sustained research interest in cognitive psychology 
for at least the last half century, some issues, particularly around implementation have yet to be 
resolved. Specifically, which simulation states will be most effective given the individual context 
(expertise, imagery ability) of the performer. Highlighted in chapter two, these unresolved issues 
included the lack of a unifying conceptual model to account for the broadening interpretation, 
relative contributions and nuance underlying engagement with MS states. Previous models have 
failed to account for an entire spectrum of MS states, instead often focusing only on MI or AO states 
in isolation. The overall aim of the thesis was to add to the existing understanding of MS conditions 
by proposing a conceptual model which makes specific hypotheses guided by the existing literature 
related to the proposed effectiveness of all MS conditions, and to then test the assumptions of this 
model experimentally.  
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 Within chapter two, the sub aims of the research were to i) review how MS states have been 
conceptualised and implemented in the previous literature, ii) to introduce a novel conceptual model, 
with testable hypotheses, incorporating the full continuum of MS states through which future 
experimental research could be conducted, and iii) to account for the (often previously ignored) 
potential moderators of MS effectiveness, such as task type, expertise, imagery ability, and memory 
processes. The need for additional experimental insight into the potential of AO+MI states to 
enhance sensorimotor performance led to the experimental designs seen in chapters 4 and 5, first as a 
proof of concept pilot study, followed by a large-scale acute intervention. Chapters six adds to the 
experimental evidence by comparing the effectiveness of AO+MI as an adjunct to PP. Chapter seven 
makes a further contribution by directly comparing SMAO+MI and SPMAO+MI through a 
registered report.   In chapter four, the sub aims were i) to establish whether an AO+MI condition 
could augment performance in a skilled performer group, and ii) establish if imagery ability acted as 
a moderator for effectiveness in AO+MI conditions, as was predicted in the MSPM. In chapter five, 
the sub aims were to i) compare the efficacy of MS interventions on putting performance between 
high and low skilled putters, with the proviso that expertise was highlighted as a potentially 
important moderator within the MSPM, and ii) to compare the effectiveness of two separate AO+MI 
conditions, dynamic AO+MI (AO+MId) and static AO+MI (AO+MIs) against an AO alone, MI 
alone, and a reading control condition among participants of similar expertise. In chapter six, the sub 
aim was to identify if AO+MI could act as an effective adjunct to PP conditions. Finally, the aim of 
chapter seven was to examine via registered report whether self or peer modelled implementation of 
AO+MI was more effective in skilled performers. This chapter will provide a general discussion on 
each of these sub aims in relation to the current status of the published research literature, before 
concluding the thesis with implications and recommendations for future research. 
8.3 Conceptualisation of the MSPM 
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 Over the course of the current thesis the MSPM has acted as a conceptual basis through 
which much of the experimental work that followed was framed. The conceptualisation of the 
MSPM was needed for the following reasons. Firstly, there has been a clear shift in research focus 
away from examining MI or AO in isolation and towards examining their combined application (e.g., 
Vogt et al., 2013; Eaves et al., 2016; Romano-Smith et al., 2018/2019; Scott et al., 2018; Bruton et 
al., 2020; Meers et al., 2020). However, despite this shift in focus, a conceptual model through which 
to frame experimental AO+MI research was missing from the literature. Previously existing models 
like PETTLEP (Holmes & Collins, 2001), MIIMS (Guillot & Collet, 2008), and RAMDIU 
(Cummings & Williams, 2011) all focused exclusively on MI. As a result, they may be of limited 
relevance in the context of AO+MI states. Acknowledging this, the first reason that the MSPM was 
necessary was that it was the first model of its type to incorporate the full breadth of MS conditions 
from ‘pure’ AO across a continuum to AO+MI+PP, allowing future research a model within which 
to frame its hypotheses and findings.  
 Secondly, the MSPM outlines differences in effectiveness associated with MS conditions 
between performers of different levels of expertise. Much of the previous research (see Toth et al., 
2020) has relied on novice samples to test hypotheses relating to the efficacy of MS conditions to 
augment sensorimotor performance. Given that much of the existing research has centred around MI, 
we would argue that novice performers are precisely the worst sample to examine the effectiveness 
of MI on performance. As was cited in chapter two, the effectiveness of MI for augmenting 
performance inherently relies on activation of an internal representation of the task to be performed. 
Given that experienced performers possess well developed task representations, they are more 
readily able to re-experience the sensations associated with a specific task (Land et al., 2013; Pearson 
et al., 2015). Novice performers inherently lack these detailed representations and, as such, are less 
well positioned to benefit from MI based MS conditions. The MSPM specifically accounts for this 
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hypothesis suggesting that least skilled performers will benefit least from MI based simulation states 
compared to more skilled performers. 
 In terms of the process of conceptualising the MSPM, care was taken to synthesize evidence 
from across the MS literature. Where no literature was available (as was the case with AO and PP 
combined in skilled performers), an informed appraisal based on similar, related literature was made. 
Of relevance to the conception of the MSPM were the factors that could potentially moderate the 
effectiveness of MS conditions. While domain-specific expertise is already accounted for within the 
model, additional factors seemed to be relevant to consider in predicting the effectiveness of a MS 
condition within any group. Specifically, memory processes, sensory feedback, imagery ability, and 
task types were cited as potential sources of variability in determining the efficacy of an MS 
intervention.  
The role of memory in the ability to form, manipulate, and contextualize mental images is of 
particular importance. While core memory processes like consolidation and recall seem to contribute 
to the effective use of MI, and may even differentiate between how experts and novices experience 
MI (Debarnot et al., 2014), the relationship between memory and MI may be even more closely 
aligned. Glover et al. (2020) as referenced in chapter five, demonstrated that inhibiting executive 
functions (including memory) negatively effects people’s capacity to engage in MI, demonstrated by 
poorer temporal congruence in the inhibition condition when compared to a control. Relatively 
recent research has begun to show that participants with greater imagery ability had a higher capacity 
in visual working memory tasks, but not in iconic, or verbal working memory tasks (Keogh & 
Pearson, 2014). Emergent research has gone so far to suggest that visual working memory should be 
defined by the specific mental processes through which it is employed (e.g., visual imagery) rather 
than by the stimuli used (visual stimuli) (Pearson & Keogh, 2019). Fundamentally, this suggests that 
individual differences in visual imagery and visual working memory may be a particularly important 
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factor to consider when predicting the effectiveness of MS interventions, supporting the inclusion of 
memory processes as a moderator within the MSPM. 
Another contributing factor worthy of further examination is imagery ability. Throughout the 
experimental designs contained within the current thesis, imagery was measured via self-report to 
assess the imagery ability of participants. Some previous research e.g., Cooley et al., (2013) highlight 
that a common practice is to screen participants for a baseline level of imagery ability before 
including them in experimental design. The stated logic for this approach is that it helps to ensure 
that included participants have the capacity to engage with the imagery conditions that they are asked 
to perform, however this also means that existing research findings are skewed towards representing 
‘good’ imagers. In the current thesis we chose not screen participants in this way for two primary 
reasons; firstly, by measuring (but not excluding based on) imagery ability it allowed us to get a 
more representative understanding of MI effects within the participant population. Secondly, because 
of the requirement for a large sample of participants recruited from the general population it was not 
feasible to exclude participants based on their imagery ability. Additionally, examining the VMIQ-2 
scores demonstrated chapters 5,6, and 7 demonstrate that participant’s reported imagery ability was 
indicative of having predominantly ‘good’ imagers included in the study, this can likely be attributed 
to the large proportion of participants who were recruited as ‘skilled’ performers. Imagery ability 
will continue to be an important factor to consider when conducting experimental research with MS 
conditions, as we have outlined in chapter 2, a useful development in this area would be to move 
away from the reliance on self-report measures and to begin incorporating other measures of imagery 
ability (e.g., mental chronometry) more readily. 
 The contribution of sensory feedback during MS states is also a factor worthy of specific 
attention. There is a (well-supported) assumption that MI in particular occurs in the absence of 
external, afferent sensory input, while AO is inherently reliant on afferent sensory feedback in the 
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form of visual stimuli to impart an effect. What is most interesting about the role of sensory feedback 
in MS conditions is that despite a lack of direct afferent input, MI acts as a sort of ‘quasi’ or ‘weak’ 
perception, functioning much like afferent sensory perception, but on a fainter level. Specifically, 
Mohr, Linder, Dennis, and Sireteanu (2011) demonstrated that imagining orientated lines produced 
an orientation-specific after effect, much like that associated with direct sensory perception. 
Additionally, Winawer, Huk, and Boroditsky (2010) demonstrated that imagining a moving stimulus 
is capable inducing a motion-based after-effect, similar to that used in normal perception. Further to 
this, recent research conducted by Keogh, Bergmann, and Pearson (2020) suggests that cortical 
excitability in the early visual cortex has a causative role in the strength of MI, further strengthening 
the claim that imagery is capable of producing a perception-like experience even in the absence of 
afferent sensory input. 
 The role of sensory input in AO+MI conditions is a particularly relevant topic given recently 
published, conflicting research. Two potential sensory mechanisms underlying AO+MI have been 
posited, the DAS hypothesis, and the visual guidance hypothesis represent alternative explanations of 
how AO+MI states exert their effect. While both have been explained in detail in chapter two, the 
DAS hypothesis suggests that dual-action simulation occurs during AO+MI, where both the 
kinaesthetic and visual representations of action are simultaneously maintained in parallel (Vogt et 
al., 2013; Eaves et al., 2016). The visual guidance hypothesis suggests that when the AO component 
of AO+MI is task relevant, AO may be used as guide for MI rather than as a separate representation, 
and that MI drives the neurophysiological mechanisms underlying AO+MI conditions. Clearly, 
research into the mechanisms of AO+MI is emergent, with initial support for both interpretations 
present in the published literature. The results of the research demonstrated here, particularly in 
chapter five would appear to lend tentative support for the visual guidance hypothesis, given that 
highly skilled performed benefitted only from conditions which including a MI component. In the 
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coming years, identifying the precise sensory means through which AO+MI affects performance will 
be a considerable development in the MS literature. 
 Another factor which is considered within the MSPM as potentially moderating the 
effectiveness of MS conditions is the type of task that an individual is using MS to augment. In 
chapter two, we were by no means the first to raise this as a pertinent consideration to make. Driskell 
et al. (1994) demonstrated evidence in their seminal meta-analysis that MP was more effective in 
tasks which were more cognitively orientated than those which were physically orientated.  Toth et 
al. (2020) largely replicated this finding, showing that the greatest effects on performance were 
demonstrated in cognitive tasks, however a caveat being that only 5 of the 95 MP effects measured 
represented purely ‘cognitive’ tasks. In the context of AO contexts, Ashford et al. (2006) 
demonstrated AO to be most effective for serial tasks (a series of discrete tasks (e.g., dance 
sequence), with reduced effects for continuous (e.g., running), and discrete tasks (e.g., golf putt). 
This is of particular interest in the current thesis because it may contribute to the null findings 
demonstrated in the ‘pure’ AO condition in chapter 5. Again, task type appears to be an important 




Figure 8.1: The Motor Simulation and Performance Model (MSPM). As with figure 2.7.1 Green bars refer to 
assumptions where existing literature were compiled (and has not been directly tested in the current thesis), black bars represent 
assumptions where informed appraisal was used (and has not been directly tested in the current thesis). Blue bars represent 




8.4 Testable hypotheses generated from the MSPM 
 As stated earlier in the current chapter, one of the key sub-aims underlying the conception of 
the MSPM was that, as a model, it would generate testable hypotheses through which future 
experimental research in MS conditions could be examined. Specifically, the MSPM hypothesises 
that i) as expertise increases, so will the benefit gleaned from MI based MS conditions, and ii) at 
lower levels of expertise, AO based MS interventions will elicit a more potent response than MI 
conditions. However, the MSPM also hypothesises that iii) at all levels of expertise AO+MI 
conditions will be superior than AO or MI in isolation, and iv) that combining a MS condition with 
PP will enhance the effectiveness of that Ms condition on improving performance. These three 
hypotheses were directly tested in the experimental work conducted in chapters 4, 5, and 6 in the 
current thesis, which we will now discuss. 
8.5 Does AO+MI elicit an effect in skilled performers? 
 Given the large-scale nature of what was to come in chapter 5 where the aim was to directly 
test the central tenets of the MSPM, it was first important to establish a suitable procedure and 
demonstrate an effect for an AO+MI condition in chapter 4. As we have cited throughout this thesis 
much of the previous experimental research in MS conditions generally, and more specifically in 
AO+MI had employed low skilled, novice samples to test their hypotheses (e.g., Romano-Smith et 
al., 2018; 2019). To address this lack of representation of skilled samples in the emergent literature, 
we recruited a sample of skilled golfers. The key finding in chapter 4 demonstrated that a brief 
AO+MI intervention can facilitate putting performance in skilled golfers. Interestingly, this effect 
was primarily demonstrated in skilled golfers who also exhibited elevated levels of kinaesthetic 
imagery ability according to MIQ-3 scores. Although a promising finding, as we have outlined in the 
chapter, we had to approach these results with a degree of caution. The putting task was constrained 
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by a putting surface which was faster than a standard putting green requiring participants to make 
shorter strokes and possibly limited the variability that may truly exist between groups.  
In the context of the existing literature, chapter 4 demonstrated that AO+MI can elicit an 
effect in skilled performers and acted as a useful basis upon which to design the following 
experimental designs. In chapter 5, AO+MI once again proved to be effective at enhancing putting 
performance, this time in a highly skilled putter group. In addition, whether AO+MI was conducted 
statically (with no movement) or dynamically (where movement was permitted) did not result in 
significant differences in efficacy between the groups (MRE % ∆ scores of 19.5% and 17.3% 
respectively). Another pertinent question to consider is whether AO+MI conditions confer additional 
benefit relative to MI or AO alone, particularly given the additional effort required to facilitate 
AO+MI. In highly skilled performers, AO+MI conditions were superior to AO alone, but equivalent 
to MI conditions. Within chapter 5, it is strongly argued that this is evidence for MI being the 
predominant mechanism underlying AO+MI effects. While there were no differences in performance 
effects between the AO+MI conditions and MI conditions in the current thesis, it may the case, in 
line with previous research (Eaves et al., 2016) that differences between AO+MI and MI conditions 
are better elucidated through examining other outcome measures like corticospinal excitability. 
There is still significant scope to further examine differences between AO+MI and MI alone 
conditions. Ultimately, when we consider this in the context of the broader AO+MI literature we can 
conclude that the evidence for AO+MI’s effectiveness is now becoming better established. 
  
8.6 Does expertise augment effectiveness of MS conditions? 
 As we have seen, a sub-aim in chapter five was to examine whether high and low skilled 
performers differed in their response to MS conditions. Our results demonstrate that high skilled 
participants who engaged with AO+MI conditions (either static or dynamic) improved their putting 
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performance significantly compared to a control condition. We found no significant differences 
between any of the experimental conditions for low skilled performers. These findings may be 
interpreted as support for Meers’ et al. (2020) assertion that MI acts as the primary driver of the 
mechanism underlying AO+MI states, which also has important adjunctive connotations for the role 
of expertise in MS effectiveness.  In this case, MI acting as a central mechanism is reliant on the use 
of internal mental representations of action to generate images, the high skilled putter group possess 
detailed representations of putting and as such have the capacity to use these representations to 
augment performance. Participants in the low skilled putter group would likely not possess these 
detailed representations and therefore would lack to capacity to benefit from the experimental 
conditions employed in chapter five. This explanation is particularly appealing because it not only 
accounts for the significant effects demonstrated for the AO+MI, and MI conditions in the high 
skilled putter group, it also accounts for the null findings for high skilled performers in the ‘pure’ AO 
group, as well as accounting for the null findings in low skilled participants. In this case it appears 
that is an interaction between expertise and MS condition type (with MI vs without MI specifically) 
that would appear to be an important consideration. While the ‘visual guidance hypothesis’ (Meers et 
al., 2020) is a novel interpretation of the mechanisms involved in AO+MI, the results we have 
demonstrated here would appear to offer some additional behavioural support. Ultimately, these 
findings point towards expertise potentially having the capacity to augment the effectiveness of MS 
conditions. 
8.7 AO+MI as an adjunct to physical practice 
 The primary aim in chapter six was to identify whether AO+MI could act as an effective 
adjunct to PP. Previous literature (Smith et al., 2008; Frank et al., 2014) has demonstrated that MI 
can act as an effective adjunct to PP, but there exists very little in the way of experimental research 
examining AO+MI+PP conditions. Our results suggest that in skilled performers, AO+MI+PP offers 
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an effective method of enhancing performance. Specifically, engaging with an AO+MI+PP resulted 
in improvements to putting performance that were significantly greater than those seen in the control 
condition. In addition, engaging with PP alone resulted in moderate-large effect size for performance 
improvement in putting accuracy. While the difference in performance change between the 
AO+MI+PP group and PP group were not significant, the size of the effect in the AO+MI+PP 
condition suggests that AO+MI can act as an effective adjunct to PP.  
8.8 Limitations and future research opportunities 
 While limitations and future research opportunities have been highlighted throughout this 
thesis, it would be useful to collate some of the more pertinent points here. The primary limitation 
among the experiments comprising this thesis was the acute nature of the MS conditions used. A 
meta-analysis that our own research group has published (Toth et al., 2020) suggests that acute 
implementations of MP paradigms are associated with the smallest performance effects, with most 
effective performance improvements seen in interventions that were one-four weeks in length. With 
that in mind, it may be the case that we are underestimating the true effects of the experimental 
conditions in the experimental chapters contained within, and that those effects might be amplified if 
implemented over a repeated measures intervention. The justification for applying an acute 
intervention strategy was feasibility, we tested over 200 golfers in total, the vast majority of whom 
had to be recruited form the surrounding area rather than from an undergraduate student population 
as would be the case when novice performers are used. Additionally, the thesis examines moment to 
moment changes in performance and does not imply skill learning, or permanent changes to 
performance. Research designs focusing on skill learning should seek to incorporate appropriate 
retentions intervals, as well as repeated exposure to experimental conditions (e.g., Frank et al., 2014) 




A repeated measure (where all participants engaged in all conditions) design may have been a 
viable alternate experimental design in this thesis and would have solved some of the feasibility 
issues associated with the large sample, between subjects design that was employed. However, 
asking participants to engage in multiple MS conditions (each of which lasting approximately 15 
minutes) may also have presented issues with recruitment and retention. A potential research design 
to emerge from the current thesis may be a repeated-measures design where participants engage in 
MS conditions of particular interest or novelty (e.g., AO+MI+PP vs PP) to further understand 
differences in effectiveness between experimental conditions. 
 Future research should seek address yet unanswered, worthwhile questions regarding the 
optimal dose of AO+MI for different tasks by employing longer term interventions where skilled and 
highly skilled participants have an opportunity to repeatedly utilise AO+MI before being assessed at 
baseline, post-test, and with an appropriate retention interval. Additionally, it will be vital in the 
coming years that the literature identifies the mechanism through which AO+MI acts, or the 
circumstances in which the DAS hypothesis explains its effect, and those in which the visual 
guidance hypothesis explains its effectiveness. This research could seek to focus on whether the 
systems that govern MI (e.g., working memory and executive cognitive processes) also govern 
AO+MI by examining whether inhibiting the individual components of that system also inhibit 
imagery use, and consequently AO+MI use. A research focus on continuing the existing 
understanding of corticospinal, and neurological mechanisms underlying AO+MI states will also 
continue to be important. Understanding the mechanisms underlying AO+MI states will allow the 
research area a platform upon which to further identify the breadth of AO+MI usefulness in 
sensorimotor skill performance, neuromotor rehabilitation, and other potentially relevant domains. 
 Another potentially pertinent area of future research is in further examining the relationship 
between MS conditions and attentional focus (and control). It seems likely that part of how 
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simulation states exert their effect on performance is by directing attention towards task relevant 
cues. Similarly, there may be scope for simulation states to interfere with existing patterns of 
attention to produce contraindicative performance outcomes. Eye-tracking could be a method of 
examining attentional focus and visual gaze that could help to illuminate some of these relationships 
between attention and simulation states, as understanding where individuals direct their gaze may be 
particularly pertinent. 
8.9 Conclusions 
In conclusion, the works contained within the current thesis have advanced our understanding 
of the effectiveness of MS conditions for augmenting sensorimotor skill performance both 
conceptually and experimentally. The MSPM contributes the first model which brings together 
evidence across the field of MS research and makes evidence-based predictions of the effectiveness 
of MS conditions in circumstances where expertise, imagery ability, memory processes, sensory 
feedback integration, and task type are considered. Given the recent shift in the field away from 
examining MI and AO states alone, and towards examining their combined application, this model 
makes a timely and valuable contribution by providing a set of testable hypotheses that the field can 
move forward with. Following from these hypotheses, the experimental chapters go on to test the 
following hypotheses to add new information regarding the implementation of MS interventions to 
individuals of varying sensorimotor expertise. Results from chapter 5 in particular would appear to 
suggest that the MSPM is largely predictive of the relationship between expertise and MS condition 
efficacy. We hope that a future body of literature will continue to test the hypotheses laid out in the 
MSPM so that we can continue to better understand how MS conditions affect sensorimotor 
performance.  
We have demonstrated that AO+MI and MI alone conditions are predominantly effective at 
enhancing sensorimotor performance in skilled performers but not in novices. This represents a novel 
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addition to the literature examining how mental practice paradigms can augment sensorimotor 
performance. The impact associated with this finding is two-fold, firstly it suggests that that relying 
on unskilled samples in sensorimotor skill research when concerned with augmenting performance is 
not suitable. Secondly, it offers behavioural support for the emerging hypothesis that MI is the 
predominant driver of performance enhancement within AO+MI. Both of these finding are novel, 
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Movement Imagery Questionnaire-3 
 




This questionnaire concerns two ways of mentally performing movements which are used by some people more than by others, and 
are more applicable to some types of movements than others.  The first is attempting to form a visual image or picture of a 
movement in your mind.  The second is attempting to feel what performing a movement is like without actually doing the 
movement.  You are requested to do both of these mental tasks for a variety of movements in this questionnaire, and then rate how 
easy/difficult you found the tasks to be. The ratings that you give are not designed to assess the goodness or badness of the way you 
perform these mental tasks. They are attempts to discover the capacity individuals’ show for performing these tasks for different 
movements. There are no right or wrong ratings or some ratings that are better than others. 
 
Each of the following statements describes a particular action or movement.  Read each statement carefully and then actually 
perform the movement as described. Only perform the movement a single time. Return to the starting position for the movement 
just as if you were going to perform the action a second time.  Then depending on which of the following you are asked to do, either 
(1) form as clear and vivid a visual image as possible of the movement just performed from an internal perspective (i.e., from a 1st 
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person perspective, as if you are actually inside yourself performing and seeing the action through your own eyes), (2) 
form as clear and vivid a visual image as possible of the movement just performed from an external perspective (i.e., from a 3rd 
person perspective, as if watching yourself on DVD), or (3) attempt to feel yourself making the movement just performed 
without actually doing it. 
 
After you have completed the mental task required, rate the ease/difficulty with which you were able to do the task.  Take your 
rating from the following scale.  Be as accurate as possible and take as long as you feel necessary to arrive at the proper rating for 
each movement.  You may choose the same rating for any number of movements “seen” or “felt” and it is not necessary to utilize 





Visual Imagery Scale 
 
1 2 3 4 5 6 7 
Very hard 
to see 
Hard to see Somewhat 





easy to see 
easy to see Very easy 
to see 
 
Kinesthetic Imagery Scale 
 
1 2 3 4 5 6 7 
Very hard 
to feel 
Hard to feel Somewhat 





easy to feel 






1. STARTING POSITION:  Stand with your feet and legs together and your                        
arms at your sides. 
 
ACTION: Raise your right knee as high as possible so that you are starting on your 
left leg with your right leg flexed (bent) at the knee. Now lower your right 
leg so you are once again standing on two feet. The action is performed 
slowly. 
 
MENTAL TASK: Assume the starting position. Attempt to feel yourself making the 
movement just observed without actually doing it. Now rate the 






2. STARTING POSITION:  Stand with your feet and legs together and your                        
arms at your sides. 
 
ACTION: Bend down low and then jump straight up in the air as high as possible with 
both arms extended above your head. Land with both feet apart and lower 
your arms to your sides. 
 
MENTAL TASK: Assume the starting position. Attempt to see yourself making the 
movement just observed from an internal perspective. Now rate the 
ease/difficulty with which you were able to do this mental task. 
 
Rating: __________ 





3. STARTING POSITION:  Extend the arm of your non-dominant hand straight  
out to your side so that it is parallel to the ground, palm down. 
 
ACTION: Move your arm forward until it is directly in front of your body (still parallel 
to the ground). Keep your arm extended during the movement, and make 
the movement slowly. 
 
MENTAL TASK: Assume the starting position. Attempt to see yourself making the 
movement just observed from an external perspective. Now rate the 
ease/difficulty with which you were able to do this mental task and the 
angle the image was observed from (see additional sheet provided for full 
list of different angles)  
Rating: __________ 





4. STARTING POSITION:  Stand with your feet slightly apart and your arms  
fully extended above your head. 
 
ACTION: Slowly bend forward at the waist and try and touch your toes with your 
fingertips (or, if possible, touch the floor with your fingertips or your 
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hands). Now return to the starting position, standing erect with your arms 
extended above your head. 
 
MENTAL TASK: Assume the starting position. Attempt to feel yourself making the 
movement just observed without actually doing it. Now rate the 





5. STARTING POSITION:  Stand with your feet and legs together and your                        
arms at your sides. 
 
ACTION: Raise your right knee as high as possible so that you are starting on your 
left leg with your right leg flexed (bent) at the knee. Now lower your right 
leg so you are once again standing on two feet. The action is performed 
slowly. 
 
MENTAL TASK: Assume the starting position. Attempt to see yourself making the 
movement just observed from an internal perspective. Now rate the 







6. STARTING POSITION:  Stand with your feet and legs together and your                        
arms at your sides. 
 
ACTION: Bend down low and then jump straight up in the air as high as possible with 
both arms extended above your head. Land with both feet apart and lower 
your arms to your sides. 
 
MENTAL TASK: Assume the starting position. Attempt to see yourself making the 
movement just observed from an external perspective. Now rate the 
ease/difficulty with which you were able to do this mental task and the 
angle the image was observed from (see additional sheet provided for full 
list of different angles)  
Rating: __________ 





7. STARTING POSITION:  Extend the arm of your non-dominant hand straight  
out to your side so that it is parallel to the ground, palm down. 
 
ACTION: Move your arm forward until it is directly in front of your body (still parallel 
to the ground). Keep your arm extended during the movement, and make 
the movement slowly. 
 
MENTAL TASK: Assume the starting position. Attempt to feel yourself making the 
movement just performed without actually doing it. Now rate the 





8. STARTING POSITION:  Stand with your feet slightly apart and your arms  
fully extended above your head. 
 
ACTION:: Slowly bend forward at the waist and try and touch your toes with your 
fingertips (or, if possible, touch the floor with your fingertips or your 
hands). Now return to the starting position, standing erect with your arms 
extended above your head. 
  
MENTAL TASK: Assume the starting position. Attempt to see yourself making the 
movement just observed from an internal perspective. Now rate the 








9. STARTING POSITION:  Stand with your feet and legs together and your                        
arms at your sides. 
 
ACTION: Raise your right knee as high as possible so that you are starting on your 
left leg with your right leg flexed (bent) at the knee. Now lower your right 
leg so you are once again standing on two feet. The action is performed 
slowly. 
 
MENTAL TASK: Assume the starting position. Attempt to see yourself making the 
movement just observed from an external perspective. Now rate the 
ease/difficulty with which you were able to do this mental task and the 
angle the image was observed from (see additional sheet provided for full 
list of different angles)  
Rating: __________ 







10. STARTING POSITION:  Stand with your feet and legs together and your                        
arms at your sides. 
 
ACTION: Bend down low and then jump straight up in the air as high as possible with 
both arms extended above your head. Land with both feet apart and lower 
your arms to your sides. 
 
MENTAL TASK: Assume the starting position. Attempt to feel yourself making the 
movement just performed without actually doing it. Now rate the 







11. STARTING POSITION:  Extend the arm of your non-dominant hand straight  
out to your side so that it is parallel to the ground, palm down. 
 
ACTION: Move your arm forward until it is directly in front of your body (still parallel 
to the ground). Keep your arm extended during the movement, and make 
the movement slowly. 
 
MENTAL TASK: Assume the starting position. Attempt to see yourself making the 
movement just observed from an internal perspective. Now rate the 








12. STARTING POSITION:  Stand with your feet slightly apart and your arms  
fully extended above your head. 
 
ACTION: Slowly bend forward at the waist and try and touch your toes with your 
fingertips (or, if possible, touch the floor with your fingertips or your 
hands). Now return to the starting position, standing erect with your arms 
extended above your head. 
 
MENTAL TASK: Assume the starting position. Attempt to see yourself making the 
movement just observed from an external perspective. Now rate the 
ease/difficulty with which you were able to do this mental task and the 
angle the image was observed from (see additional sheet provided for full 
list of different angles)  
Rating: __________ 





Movement Imagery Questionnaire-3 
 
Response Form Only  
(if Instructions and Items are read to participants) 
 
After you have completed the mental task required, rate the ease/difficulty with which you were able 
to do the task in the space provided below. Take your rating from the provided scale. Be as accurate 
as possible and take as long as you feel necessary to arrive at the proper rating for each movement. 
You may choose the same rating for any number of movements “seen” or “felt” and it is not 
necessary to utilise the entire length of the scale.  
 
RATING SCALES 
Visual Imagery Scale 
















Kinesthetic Imagery Scale 


















1) Knee lift Rating: ____ 7) Arm movement Rating: ____ 
2) Jump Rating : ____ 8) Waist Bend Rating: ____ 
3) Arm movement Rating:____   9) Knee lift Rating:____   
4) Waist Bend Rating: ____ 10) Jump Rating: ____ 
5) Knee lift Rating: ____ 11) Arm movement Rating: ____ 




Movement Imagery Questionnaire-3 
 
Instructions for Scoring 
 
Subscale Items 
Internal Visual Imagery Item 2 + Item 5 + Item 8 + Item 11/4 
External Visual Imagery Item 3 + Item 6 + Item 9 + Item 12/4 
Kinesthetic Imagery Item 1 + Item 4 + Item 7 + Item 10/4 
 












































Vividness of Movement Imagery Questionnaire-2 
Name:      Age: 
 
Gender:            Sport: 
 
Level at which sport is played at (e.g., Recreational, Club, University, National, International, 
Professional) 
 
Years spent participating in this sport competitively: 
 
Movement imagery refers to the ability to imagine a movement. The aim of this questionnaire is to 
determine the vividness of your movement imagery. The items of the questionnaire are designed to 
bring certain images to your mind. You are asked to rate the vividness of each item by reference to 
the 5-point scale. After each item, circle the appropriate number in the boxes provided. The first 
column is for an image obtained watching yourself performing the movement from an external point 
of view (External Visual Imagery), and the second column is for an image obtained from an internal 
point of view, as if you were looking out through your own eyes whilst performing the movement 
(Internal Visual Imagery). The third column is for an image obtained by feeling yourself do the 
movement (Kinaesthetic imagery). Try to do each item separately, independently of how you may 
have done other items. Complete all items from an external visual perspective and then return to the 
beginning of the questionnaire and complete all of the items from an internal visual perspective, and 
finally return to the beginning of the questionnaire and complete the items while feeling the 
movement. The three ratings for a given item may not in all cases be the same. For all items please 
have your eyes CLOSED. 
Think of each of the following acts that appear on the next page, and classify the images according to 
the degree of clearness and vividness as shown on the RATING SCALE. 
 
RATING SCALE. The image aroused by each item might be: 
Perfectly clear and as vivid (as normal vision or feel of movement)  ……………  RATING 1 
Clear and reasonably vivid                                  ……………  RATING 2 
Moderately clear and vivid                                 ……………  RATING 3 
Vague and dim                                                    ……………  RATING 4 
No image at all, you only “know” that you         ……………  RATING 5 








 Looking through your 

































































































































































































































































































































































1.Walking 1 2 3 4 5  1 2 3 4 5  1 2 3 4 5 
2.Running 1 2 3 4 5  1 2 3 4 5  1 2 3 4 5 
3.Kicking a 
stone 
1 2 3 4 5  1 2 3 4 5  1 2 3 4 5 
4.Bending 
to pick up a 
coin 
1 2 3 4 5  1 2 3 4 5  1 2 3 4 5 
5.Running 
up stairs 
1 2 3 4 5  1 2 3 4 5  1 2 3 4 5 
6.Jumping 
sideways 
1 2 3 4 5  1 2 3 4 5  1 2 3 4 5 
7.Throwing 
a stone into 
water 
1 2 3 4 5  1 2 3 4 5  1 2 3 4 5 
8.Kicking a 
ball in the 
air 
1 2 3 4 5  1 2 3 4 5  1 2 3 4 5 
9.Running 
downhill 
1 2 3 4 5  1 2 3 4 5  1 2 3 4 5 
10.Riding a 
bike 
1 2 3 4 5  1 2 3 4 5  1 2 3 4 5 
11.Swinging 
on a rope 
1 2 3 4 5  1 2 3 4 5  1 2 3 4 5 
12.Jumping 
off a high 
wall 
1 2 3 4 5  1 2 3 4 5  1 2 3 4 5 
 
1. Please indicate if you have a preference for using a particular visual imagery 1 
perspective on this scale (if you have no preference then circle 5):   2 
   3 
 4 
0 1 2 3 4 5 6 7 8 9 10 5 
Strong                               Moderate                      No                        Moderate                                 Strong 6 
preference                        preference                 preference               preference                                preference 7 
internal                               internal                                                    external                                    external 8 
 9 
 10 
2. Please indicate on the following questions the extent to which you “switched” between 11 
imagery perspectives, when completing the two visual columns of the adapted VMIQ: 12 
 13 
a) When completing the watching yourself do it (External Visual Imagery) column, what 14 
perspective did you use? 15 
 16 
0 1 2 3 4 5 6 7 8 9 10 17 
Completely             minimal                              switched                                   minimal             completely  18 
internal   switching                             regularly                                switching to               external 19 
perspective              to an external                                                                     an internal                 perspective 20 
                                perspective                                                                         perspective 21 
 22 
 23 
b) When completing the looking through your own eyes (Internal Visual Imagery) column, 24 
what perspective did you use? 25 
 26 
0 1 2 3 4 5 6 7 8 9 10 27 
Completely             minimal             switched                                   minimal             completely  28 
internal   switching                            regularly                                switching to                external 29 
perspective              to an external                                                                    an internal                  perspective 30 





3. When completing the two visual imagery columns please specify if you used kinaesthetic 36 
imagery at the same time as the designated visual imagery perspective: 37 
 38 
EVI 39 
0 1 2 3 4 5 6 7 8 9 10 40 
No kinaesthetic         high kinaesthetic 41 
imagery use                                                                                          imagery use 42 
 43 
IVI 44 
0 1 2 3 4 5 6 7 8 9 10 45 
No kinaesthetic         high kinaesthetic 46 
imagery use                                                                                          imagery use 47 
 48 
 49 
4. If you used kinaesthetic imagery at the same time as the designated visual perspective 50 
please denote (Using the numbers 3 = most often, 1 = least often) the order in which visual 51 




Visual and Kinaesthetic imagery at the same 
time     ______ 
Visual then kinaesthetic imagery 
   ______ 
Kinaesthetic then visual imagery 
   ______ 
 
Visual and Kinaesthetic imagery at the same 
time     ______ 
Visual then kinaesthetic imagery 
   ______ 
Kinaesthetic then visual imagery 










5. On one of the diagrams below, please draw an arrow to illustrate where you imaged from 62 




                                                                         67 
 68 






Appendix 3 74 
Imagery Script (Chapter 4) 75 
· Place the ball on the spot, confident in your ability to putt well 76 
· Feel the soft, rough texture of the putting carpet as you get into your setup position.  77 
  See the target and know the line the putt will take. 78 
· Feel the weight of the putter as you line up the putt and take your grip.  79 
· Once comfortable, take a deep breath, releasing the tension from your body.  80 
· Glance from the ball to the target. Feeling confident, see and feel the ball rolling on line and 81 
stopping on the target.  82 
· Taking one last glance at the target  83 
· Finally, rock your shoulders back and forth. See and feel the putter release as the ball rolls 84 












Appendix 4 96 
Imagery Script (Chapter 5) 97 
Set the putter head behind the ball, pick a spot on the green that you want to roll the ball over 98 
Step into address the golf ball, comfortable with the set-up position. 99 
Look at the target, line your feet and shoulders parallel to it. 100 
Take another look at your spot, confident in the line. 101 
Feel the weight of the putter and the speed of the putt 102 
Rock your shoulders, feeling the connection between arms, hands, and club head. 103 
Feel the putter make contact with the ball. Solid. 104 
Finish the putting stroke, keeping the putter square. 105 




Appendix 5  109 
Manipulation Check (Chapter 4) 110 
Motor Imagery Manipulation Check 111 
 112 
Please rate the following statements according to your experience during the motor imagery 113 
intervention and putting task completed.  114 
(1 = very difficult, 7 = very easy; 1 = never, 7 = always) 115 
 116 
1. How easy did you find the audio imagery instructions to follow? 117 
a. _________ 118 
2. How easy did you find it to ‘feel’ the task elicited in the audio imagery instructions? 119 
a. _________ 120 
3. How easy did you find it to ‘see’ the task elicited in the audio imagery instructions? 121 
 122 
a. ________ 123 
 124 
4. How often did you use a first-person perspective (through your own eyes) during the 125 
audio imagery instructions? 126 
a. __________ 127 
5. How often did you use a third person perspective (observing yourself) during the audio 128 
imagery instructions? 129 
 130 









Appendix 6 139 
Manipulation Checks (Chapter 5, 6, 7) 140 
Action Observation+ Motor Imagery Manipulation Check 141 
 142 
Please rate the following statements according to your experience during the motor 143 
imagery intervention and putting task completed.  144 
(1 = very difficult, 7 = very easy; 1 = never, 7 = always) 145 
 146 
1. How easy did you find the observation video to follow? 147 
a. _________ 148 
2. How easy did you find the ‘face on’ video perspective to follow? 149 
a. _________ 150 
3. How easy did you find the ‘full body down the line’ video perspective to 151 
follow? 152 
a. __________ 153 
4. How easy did you find the ‘putter only down the line’ video perspective to 154 
follow? 155 
a. ___________ 156 
5. How easy did you find the ‘first person’ video perspective to follow? 157 
a. ___________ 158 
6. How easy did you find the audio imagery instructions to follow? 159 
a. _________ 160 
7. How easy did you find it to ‘feel’ the task elicited in the audio imagery 161 
instructions? 162 
a. _________ 163 
 
8. How easy did you find it to ‘see’ the task elicited in the audio imagery 164 
instructions? 165 
 166 
a. ________ 167 
 168 
9. How often did you use a first person perspective (through your own eyes) 169 
during the intervention? 170 
a. __________ 171 
10. How often did you use a third person perspective (observing yourself) during 172 
the intervention? 173 
 174 
a. _________ 175 
 176 
 177 
Motor Imagery Manipulation Check 178 
 179 
Please rate the following statements according to your experience during the motor 180 
imagery intervention and putting task completed.  181 
(1 = very difficult, 7 = very easy; 1 = never, 7 = always) 182 
 183 
1. How easy did you find the audio imagery instructions to follow? 184 
a. _________ 185 
2. How easy did you find it to ‘feel’ the task elicited in the audio imagery 186 
instructions? 187 
a. _________ 188 
3. How easy did you find it to ‘see’ the task elicited in the audio imagery 189 
instructions? 190 
 191 
a. ________ 192 
 193 
 
4. How often did you use a first person perspective (through your own eyes) 194 
during the audio imagery instructions? 195 
a. __________ 196 
5. How often did you use a third person perspective (observing yourself) during 197 
the audio imagery instructions? 198 
 199 
a. _________ 200 
 201 
Action Observation Manipulation Check 202 
 203 
Please rate the following statements according to your experience during the motor 204 
imagery intervention and putting task completed.  205 
(1 = very difficult, 7 = very easy; 1 = never, 7 = always) 206 
 207 
1. How easy did you find the observation video to follow? 208 
a. _________ 209 
2. How easy did you find the ‘face on’ video perspective to follow? 210 
a. _________ 211 
3. How easy did you find the ‘full body down the line’ video perspective to 212 
follow? 213 
a. __________ 214 
4. How easy did you find the ‘putter only down the line’ video perspective to 215 
follow? 216 
a. ___________ 217 
5. How easy did you find the ‘first person’ video perspective to follow? 218 
a. ___________ 219 
 
6. How often did you use a first person perspective (through your own eyes) 220 
during the intervention? 221 
a. __________ 222 
7. How often did you use a third person perspective (observing yourself) during 223 
the intervention? 224 
 225 
a. _________ 226 
Action Observation+ Motor Imagery Manipulation Check 227 
 228 
Please rate the following statements according to your experience during the motor 229 
simulation intervention and putting task completed.  230 
(1 = very difficult, 7 = very easy) 231 
 232 
1. How easily did you follow the intervention instructions? 233 
          1                     2                    3                   4                   5               6                 7 234 
Very Difficult                                                                                                         Very Easy 235 
2. How easy did you find it to ‘feel’ the task demonstrated in the video provided? 236 
          1                     2                    3                   4                   5               6                 7 237 
Very Difficult                                                                                                         Very Easy 238 
 239 
3. How easy did you find it to put the video in the context of your own 240 
performance 241 
          1                     2                    3                   4                   5               6                 7 242 
Very Difficult                                                                                                         Very Easy 243 
 
4. How easy did you find it to imagine yourself performing the task during the 244 
video provided? 245 
 246 
          1                     2                    3                   4                   5               6                 7 247 
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PARTICIPANT INFORMATION SHEET 276 
 277 
 278 
The effects of motor simulation interventions on golf putting performance 279 
 280 
 281 
Dear Student/Volunteer,  282 
 283 
As part of my PhD research in the University of Limerick, I am carrying out a study on the potential 284 
role of action observation and motor imagery in golf putting performance. This information sheet will 285 
tell you what the study is about.  286 
 287 
What is the study about? 288 
The study aims to examine the effect of a motor simulation intervention on the golf putting performance 289 
of golfers. 290 
 291 
What will I have to do? 292 
Your involvement in the study will be during an agreed upon time that suits both you, the participant, 293 
and the experimenter. You are invited to complete a putting task that will take approximately 60 294 
minutes from start to finish. The task will involve completing the putting task pre and post-295 
intervention in two blocks of 2x10 putts (total of 40 putts). You will have brief breaks between each 296 
block of putts and you are permitted to take a brief break at any stage of testing should you experience 297 
and strain or fatigue. The intervention phase will take 20 minutes. The entire testing period will take 298 
less than 1hour.  299 
EHSREC No: 
 
What are the benefits? 300 
The finding of the study may have important future implications for the research of MS interventions 301 
in golf and sport in general. Previous research has indicated benefits of MS interventions in several 302 
novel, complex limb movement tasks but there is a lack of research using sport-related skills. Therefore, 303 
this study will help rectify this issue and may have implications for future research. The study also 304 
involves the use of SAM PuttLab, which will provide you with extensive feedback on the kinematics 305 
of your putting stroke and may lead to significant improvements in your game.  306 
What are the risks? 307 
You may experience strain or fatigue during the experiment, but this will be typical of any putting 308 
practice session. You are permitted to take a brief break and/or stop your involvement in this study at 309 
any time 310 
What if I do not want to take part? 311 
Participation in this study is voluntary and you can choose not to take part or to stop your involvement 312 
in this study at any time.   313 
 314 
What happens to the information? 315 
The information that is collected will be kept private and stored securely and safely on the researchers’ 316 
password protected computer. Your name will appear on files on the SAM PuttLab system, but this is 317 
for your benefit in order to send you your extensive feedback from your performance and will be kept 318 
in complete confidence. Your name will not appear when the information is being written in a report 319 
by the researcher. Your performance on the putting task will not be shared with anyone and will only 320 
be used for the purpose of this study. The information that is gathered in the study will be kept for seven 321 
years.  After this time, it will be destroyed. 322 
 323 
Who else is taking part? 324 
Golfers from golf clubs in the surrounding area will be taking part in the study. This study will be 325 
conducted on an individual basis and you will have no contact with other participants during the 326 
study. You will exclusively be in contact with experimenters during the study.  327 
 328 
What if something goes wrong? 329 
In the unlikely event that something goes wrong during the putting task, the experiment will be 330 
stopped immediately until the problem is rectified and the experimenters decide to restart. The 331 
experimenter may decide to stop the session completely if the problem cannot be resolved. 332 
 333 
What happens at the end of the study? 334 
At the end of the study the information will be used to present results. The information will be 335 
completely anonymous, and your name will not appear in the written report. Upon completion of the 336 
putting task, you will be emailed a copy of your feedback generated from SAM PuttLab. This 337 
feedback will provide extensive detail on every single putt you hit during the study. All data gathered 338 
 
from the research will be stored securely and safely by the researcher on their password protected 339 
computer for 7 years.  340 
 341 
What if I have more questions or do not understand something? 342 
If you have any questions about the study you may contact any of the researchers. It is important that 343 
you feel that all your questions have been answered.  344 
 345 
What happens if I change my mind during the study? 346 
At any stage should you feel that you want to stop taking part in the study, you are free to stop and 347 
take no further part.  There are no consequences for changing your mind about being in the study.  348 
Contact name and number of Project Investigators. 349 
 350 
Eoghan McNeill MSc 351 
PhD candidate 352 
PESS Dept. University of Limerick, 0860880433  353 
Email: Eoghan.McNeill@ul.ie  354 
Dr. Mark Campbell 355 
Senior Lecturer 356 
PESS Department, University of Limerick   357 
mark.campbell@ul.ie  358 
This research study has received Ethics approval from the Education and Health  359 
Sciences Research Ethics Committee (2017_06_18_EHS). 360 
If you have any concerns about this study and wish to contact someone independent you may 361 
contact: 362 
Chairman Education and Health Sciences Research Ethics Committee 363 
EHS Faculty Office 364 
University of Limerick 365 
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PARTICIPANT CONSENT Form 374 
 375 
Title of Project: The effects of motor simulation interventions on golf putting 376 
performance. 377 
 378 
This research is being conducted by Eoghan McNeill MSc, a PhD researcher at the Physical 379 
Education and Sports Science (PESS) department in the University of Limerick. The method 380 
proposed for this research project adheres to the Psychological Society of Ireland (PSI) code of 381 
professional ethics. It is, however, the above-named student’s responsibility to adhere to ethical 382 
guidelines in their dealings with participants and the collection and handling of data.  383 
 384 
Should you agree to participate in this study please read the statements below and if you agree 385 
to them, please sign the consent form. 386 
 387 
• I have read and understood the participant information sheet.  388 
• I understand what the project is about, and what the results will be used for.  389 
• I understand that what the researchers find out in this study may be shared with others but that my name 390 
will not be given to anyone in any written material developed. 391 
• I am fully aware of what I will have to do, and of any risks and benefits of the study.  392 
• At the conclusion of my participation, any questions or concerns I have will be fully addressed. 393 
• I may withdraw from this study at any time and may withdraw my data at the conclusion of my 394 




I agree to the statements above and I consent to taking part in this research study.  399 




Name: (please print): __________________________ 402 
 403 
Signature: ___________________________________ Date: ______________ 404 
 405 
 406 
Investigator’s Signature ________________________ Date: ______________ 407 
 408 
 409 
 410 
